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Solar energy has immense potential to supply clean, sustainable energy for mankind. 
Dye-sensitized photoelectrosynthesis cells (DSPECs) provide a promising architecture for 
solar energy conversion that combine molecular photocatalysts with wide band gap 
semiconductor materials. The focus of this thesis is to develop fundamental understandings 
of the interfacial and intermolecular electron transfer processes of dye-sensitized 
photoelectrodes. Chapter 1 introduces strategies for solar energy conversion, the operating 
principles of dye-sensitized photoelectrodes, and insights into possible future directions. 
In Chapters 2 and 3, ruthenium polypyridyl photocatalysts were examined on TiO2 
and SnO2/TiO2 core/shell interfaces as photoanodes for hydrobromic acid splitting. Chapter 2 
examined a single ruthenium polypyridyl photocatalyst capable of both excited-state electron 
injection to the semiconductor and subsequent oxidation of bromide in aqueous solution. 
This results in a DSPEC capable of HBr splitting for solar energy storage. Chapter 3 
examines a series of four ruthenium polypyridyl photocatalysts with ground- and excited-
state reduction potentials tuned through synthetic modification, demonstrating the delicate 
interplay of balancing a strong photoreductant with a potent oxidant for dye-sensitized HBr 
splitting. Chapter 4 explores [Ru(deeb)(bpz)2]2+, where deeb is 4,4’-diethylester-2,2’-
bipyridine and bpz = 2,2’-bipyrazine, which undergoes fascinating ligand photosubstitution 
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chemistry in solution in the presence of bromide. Prolonged steady state photolysis yields 
both the cis and trans isomers of Ru(deeb)(bpz)Br2. Chapter 5 explores a series of twenty-
two ruthenium polypyridyl photocatalysts on metal oxide electrodes to understand the factors 
that govern desorption and electrochemically-induced degradation. This study reveals that on 
planar electrodes and mesoporous thin films, there is a correlation between the E (RuIII/II) 
reduction potential and the stability of the photocatalyst after oxidation. More positive 
reduction potentials result in more rapid electrochemically-induced degradation. Chapter 6 
examines the intermolecular self-exchange electron transfer or “hole hopping” for a series of 
three ruthenium polypyridyl photocatalysts on TiO2 interfaces in the absence and presence of 
an insulating Al2O3 overlayer. Hole hopping is explored electrochemically through 
chronoabsorptometry and photochemically through transient polarization spectroscopy and 
time-resolved anisotropy studies. This study reveals that the insulating overlayer completely 
inhibits hole hopping, but still allows for photoinduced excited-state electron injection to the 
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CHAPTER 1: Strategies for Solar Energy Conversion and Storage Through Dye-
Sensitized Technologies 
 
1.1 Energy Supply and Demand and the Case for Solar Energy 
1.1.1 Energy Demand 
Global energy consumption in 2015 was approximately 18 terawatt-years (TWy) and 
is predicted to grow to 27 TWy by 2050 and 43 TWy by 2100.1,2 Energy consumption tracks 
with the ever-increasing human population. Current estimates place the global population at 
7.6 billion. This is expected to grow to 9.8 billion by 2050 and 10.4 billion by 2100.3 Even 
with advances in more energy efficient means of producing electricity, the predicted ~40% 
increase in human population by the end of the century will require significant energy 
consumption demands.4 This demand is further exacerbated as larger portions of the global 
community modernize to provide better standards of living for the populace.  
1.1.2 Energy Supply 
As of 2015, approximately 80% of the world’s energy consumption is derived from 
fossil fuels.5 While the percentage of energy derived from fuels is down from approximately 
95% in the 1960’s, total energy demand has continued to grow dramatically. With the 
expected increases in global energy demand, identifying appropriate sources of energy to 
match these growing demands will be absolutely critical to securing mankind’s future. Fossil 
fuels are inherently a finite resource. According to the BP Statistical Review of World 
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Energy, at current extraction and production rates, crude oil reserves will be exhausted by the 
year 2066, natural gas reserves by the year 2068, and coal reserves by the year 2169.2 
In addition to limited quantities of fossil fuels, a great cause for concern is the 
environmental impact of their continued usage. The combustion reaction results in the 
emission of significant quantities of carbon dioxide (CO2), a known greenhouse gas. 
Greenhouse gases absorb and emit radiant energy in the infrared region. According to the 
Vostok6 and Law Dome7 ice core data from Antarctica, prior to the Industrial Revolution, 
atmospheric CO2 concentrations remained between 150 and 300 ppm for over 400,000 years. 
Industrialization increased rapidly since the 1800s, fueled largely by coal, led to an increase 
in the atmospheric CO2 concentration, exceeding those of the previous 400,000 years.8 In 
2016, the CO2 concentration exceeded 400 ppm.9 Since the 1880s, a direct correlation has 
been observed between CO2 concentration and the global temperature.10 This correlation has 
led most in the scientific community to conclude that anthropogenic CO2 emissions have had 
a direct impact on climate change.11 Thus, developing an alternative energy source that can 
match the growing demands of the global community while simultaneously mitigating the 
environmental impacts of CO2 emission of the past is critical to ensuring a sustainable energy 
future.1213 
1.1.3 The Case for Solar Energy 
The sun provides a virtually endless supply of energy, irradiating the planet with 
approximately 23,000 TWy of solar energy.14 In less than two hours, the sun provides the 
planet enough energy to match current global energy consumption demands for an entire 
year. This means that capturing only 0.02% of incident solar energy would be sufficient to 
meet human energy demands. 
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The most common artificial means of solar energy conversion is with photovoltaics. 
Photovoltaics consist of semiconducting material that exhibits the photovoltaic effect, where 
exposure to light produces a voltage and electric current.15 Typically, upon absorption of a 
photon, an electron is promoted from the valence band to the conduction band, generating an 
electron-hole pair. The resulting electron and hole can be extracted to produce electrical 
power in an external circuit. The likelihood of producing an electron-hole pair is dependent 
on the photon energy and the semiconductor band gap.16 The energy of the solar photons 
must exceed the semiconductor band gap.  
A larger band gap results in a greater open-circuit voltage, while a smaller band gap 
results in a greater photocurrent as more photons are absorbed. Since power is the product of 
voltage and current, there is an optimum band gap where this product is maximized.  The 
Shockley-Queisser limit (Figure 1.1), first calculated in 1961, predicted a maximum 
efficiency for a single band gap semiconductor of 30% with a band gap of 1.1 eV (1130 
nm).17 More recent calculations give a theoretical estimate of 33.7% with a band gap of 1.34 
eV (925 nm).18 
 
Figure 1.1. (a) Solar irradiance measured on the Earth’s surface. (b) Theoretical solar 
conversion efficiency for an ideal single junction semiconductor photovoltaic with an ideal 
band gap of 1.34 eV (925 nm) (ref. 18).  
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Single-junction crystalline silicon has a band gap of 1.1 eV, with a theoretical 
maximum efficiency of 33%.19 Due to light reflectance and unwanted recombination 
processes, typical laboratory cells achieve efficiencies of ~25%, while commercial silicon 
solar panels typically have efficiencies closer to 20% with limited warranties typically 
guaranteeing 80% electrical power production from the initial efficiency for 25 years.20 
Silicon is by far the most common solar cell on the market today, comprising ~90% of the 
solar photovoltaic market share.14,21 This includes monocrystalline, polycrystalline, and 
amorphous silicon photovoltaics. 
Silicon is an indirect band gap semiconductor, decreasing its absorption coefficient at 
wavelengths whose energies are just greater than the 1.1 eV band gap.22 As an indirect band 
gap semiconductor, the minimum conduction band energy state and maximum valence band 
energy state have a different crystal momentum, or k-vector, in the Brillouin zone. In order to 
absorb photons near the band gap energy and promote an electron from the valence band into 
the conduction band, the photon absorption must be coupled with a phonon, or vibrational 
motion in the crystal lattice.23 The phonon allows for the change in momentum necessary to 
match the conduction band momentum. Because of silicon’s indirect band gap, 
monocrystalline silicon solar cells are typically hundreds of microns thick to ensure that 
significant quantities of solar photons are absorbed.24 
According to Swanson’s law,25 the price of solar photovoltaic modules tends to drop 
20% for every doubling of cumulative shipped volume. This equates to about a 75% drop in 
cost every 10 years, driven mainly by the remarkable increase in production from the 
“Silicon Module Super League,” a group of the seven largest crystalline silicon solar module 
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manufacturers.26 Currently, these seven companies, Trina Solar, Jinko Solar, Canadian Solar, 
Hanwha Q CELLS, JA Solar, LONGi, and GCL, control 60% of the global solar photovoltaic 
market.27 Further increases in output will continue to drive down costs of silicon solar 
photovoltaics. 
Despite well-developed and commercialized solar photovoltaics that allow for direct 
solar-to-electrical energy conversion, an additional consideration is that the entire planet does 
not receive constant solar irradiation. The diurnal cycle of the sun, coupled with the fact most 
power is consumed when the sun is not shining, requires an inexpensive energy storage 
mechanism that takes advantage of the incredible potential source of limitless clean energy 
the sun affords.12 
1.1.4 Storage Strategies for Solar Energy 
One possible approach for solar energy storage is to store it as heat. Through a series 
of mirrors (heliostats) and lenses, concentrated solar power can heat materials like molten 
salts to hundreds of degrees C that can be stored in insulated storage tanks. When electricity 
is needed, the heated material can be pumped into a conventional steam generator to produce 
superheated steam to drive a conventional turbine that produces electricity. To date, several 
such solar concentrators have been built, including the Crescent Dunes Solar Energy Project, 
a 110 MW project containing over 10,000 heliostats in Nevada, and the Ivanpah Solar 
Electric Generating System, a 392 MW project containing over 173,000 heliostats in 
California.  
Another way to store solar energy is in a battery. A secondary or rechargeable battery 
allows for storage of electrical energy generated by photovoltaics. There are numerous 
secondary battery chemistries currently on the market, but the dominant one is currently 
6 
 
lithium-ion batteries. The lithium-ion battery market in 2017 was $30 billion and is expected 
to exceed $92 billion by 2024.28  
One commercialized small-scale storage solution is the Tesla Powerwall, which 
consists of a rechargeable lithium-ion battery stationary energy storage product. These are 
directly incorporated with solar photovoltaics to power a home that is off the grid. For 
smaller scale storage, such as a single-family home as was intended, lithium-ion batteries 
may be sufficient.29 However, high costs attributed to scalability often inhibit lithium-ion 
batteries from providing grid-level energy storage solutions. Additionally, the low energy 
density of lithium-ion batteries (0.3-0.9 MJ/kg) even with one of lightest elements (Li) in the 
periodic table suggest that the energy densities of batteries may be approaching a ceiling.30 
Despite this, in 2018 Duke Energy pledged over the next 15 years to invest $500 million in 
lithium-ion battery storage projects in the Carolinas to expand storage capacity to 300 MW.31 
Liquid fuels, such as gasoline, have energy densities 50 times larger (~50 MJ/kg) than 
that of current champion lithium-ion batteries. The smallest volume in which electrons can be 
stored is in a chemical bond, which allows for the higher energy density.32 
Hydrogen gas in particular is a promising target for storage of solar energy.33 
Hydrogen gas has an even greater energy density than gasoline at 140 MJ/kg at 700 bar.34 
Thus, significant quantities of solar energy can be stored through the light-induced 
endergonic reduction of protons to hydrogen gas with electrons obtained from water 
oxidation.35 It is important to note that the notion of energy storage in chemical bonds may 
be counterintuitive as energy is released upon bond formation and thus the entire photon 
energy is not stored. For simplicity, energy storage herein refers to the generation of 
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chemical bonds in stable molecules or ions that can be utilized when the sun has set for the 
exergonic release of energy.  
Integrating molecular complexes with inorganic materials capable of efficient 
conversion of sunlight for fuel formation purposes is the ultimate motivation behind this 
dissertation. Herein, a discussion of molecular photophysics and the development of 
homogeneous photocatalytic strategies will be followed by descriptions of dye-sensitization, 
dye-sensitized photovoltaics, solar fuels formation, and the ultimate culmination of these 
through halide-mediated water splitting for solar fuel production.  
1.2 Photophysics of RuII Polypyridyl Complexes 
Capturing the sun’s energy requires molecules or materials capable of absorbing and 
converting solar light for useful applications. In order to utilize molecular chromophores, it is 
useful to have a thorough understanding of the photophysical and electrochemical properties 
of the desired chromophores. Some of the most widely used and best studied class of 
chromophores are RuII polypyridyl complexes.36–38 These chromophores have been utilized 
extensively due to their stability, tunable photophysical and electrochemical properties 
through synthetic modification,39 and their relative ease of synthesis.40 The classical 
chromophore of this class is [Ru(bpy)3]2+ where bpy is 2,2’-bipyridine (Figure 1.2).  
RuII is a second-row transition metal ion with a d6 low-spin diamagnetic electronic 
configuration. When coordinated to three polypyridyl ligands, the five degenerate d orbitals 
split.37 The σ-bonding interactions between the RuII dx2-y2 and dz2 orbitals (dσ* collectively) 
and the bipyridine nitrogen lone pairs results in an antibonding interaction that destabilizes 
the dσ* orbitals to energies higher than the π* orbitals predominately bipyridine in character. 
In addition, the RuII dxy, dyz, and dxz orbitals (dπ collectively) π-backbond with the π* orbitals 
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of the bipyridine ligands, which stabilizes the dπ orbitals. The ligand field splitting between 
the dπ and dσ* orbitals is further enhanced by the diffuse 4d orbitals of the second-row 
transition metal, which allows for better overlap with the bipyridine orbitals.41  
 
Figure 1.2. (a) Chemical structure of [Ru(bpy)3]2+. (b) Electronic absorption spectrum and 
normalized photoluminescence spectrum of [Ru(bpy)3]2+ in aqueous solution at room 
temperature.  
 
The molecular orbital diagram identifies the key characteristics of the electronic 
absorption and electrochemical properties of [Ru(bpy)3]2+.40 The highest-occupied molecular 
orbital (HOMO) is primarily RuII metal-centered orbital in character, while the lowest-
unoccupied orbital (LUMO) is primarily bipyridine ligand in character. In aqueous solution, 
the first metal-centered oxidation E1/2 (Ru3+/2+) and ligand-centered reduction E1/2 (Ru2+/+), 
are 1.26 and -1.28 V vs NHE, respectively.42 The 2.54 eV energy difference corresponds to a 
488 nm wavelength, which indeed occurs within the broad absorption band of [Ru(bpy)3]2+. 
Thus, the low energy transitions for [Ru(bpy)3]2+ are a metal-to-ligand charge transfer 
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(MLCT) band, centered around 450 nm. MLCT transitions are both spin and symmetry 
allowed, resulting in typical extinction coefficients of 10,000 to 20,000 M-1 cm-1. 
Absorption features at higher energies are evident as well, consistent with the 
molecular orbital diagram. A small absorption feature around 350 nm is assigned to a dπ and 
dσ* transition. Because d-d transitions, also known as ligand field or metal-centered 
transitions, are both Laporte and spin forbidden, smaller extinction coefficients are expected, 
generally on the order of 10 to 100 M-1 cm-1, several orders of magnitude smaller than the 
MLCT transitions.36 The dσ* orbitals have significant antibonding character with respect to 
the Ru-N bonds. Thus, population of these orbitals can result in photo-induced ligand loss 
chemistry. At photon energies below 300 nm, intense absorption bands are observed, arising 
from the allowed intraligand π to π* transitions.  
For [Ru(bpy)3]2+, photoexcitation into the MLCT band results in an initial 1MLCT 
state. This state is short-lived, undergoing intersystem crossing (≤ 350 fs) and vibrational 
relaxation (ps), to form a 3MLCT excited state with an intersystem crossing quantum yield 
(ΦISC) of unity.43 While the formal spin quantum number of three is an oversimplification 
due to spin-orbit coupling by the Ru center, this formalism is well established in the literature 
and will be used herein. In this 3MLCT state, absorption, electroabsorption, Raman, and 
femtosecond time-resolved absorption anisotropy measurements have demonstrated that the 
excited-state charge is localized on a single ligand.44 
Relaxation of the 3MLCT back to the ground state proceeds in accordance with 
Kasha’s rule. This relaxation occurs by radiative or nonradiative pathways. The radiative and 
nonradiative rate constants, kr and knr, respectively, are calculated from the quantum yield (Φ, 











                     (1.2) 
 
The photoluminescence quantum yield for [Ru(bpy)3]2+ in water is 0.042 with an 
excited-state lifetime of 650 ns.46,47 Other RuII polypyridyl complexes typically exhibit 
comparable quantum yields, with excited-state lifetimes in the range of 100 ns to 10 μs. For 
[Ru(bpy)3]2+ this results in kr = 6.9 x 104 s-1 and knr = 1.22 x 106 s-1.42  
At room temperature, the steady-state photoluminescence spectrum of [Ru(bpy)3]2+ is 
broad and featureless spectrum with a λmax of 605 nm.42 Additionally, at room temperature 
the 3MLCT excited-state decay appears to occur from a single state. However, temperature-
dependent, time-resolved photoluminescence experiments revealed that the 3MLCT excited 
state observed at room temperature actually consists of three 3MLCT excited states that are 
close in energy. Above 120 K, these three states are at thermal equilibrium. This collection of 
states is often referred to as a thermally-equilibrated excited state, or “thexi” state.48–52 
An additional temperature-dependent feature that was uncovered was a weak 
temperature dependence on the [Ru(bpy)3]2+ excited-state lifetime. This was attributed to 
activated crossing from the 3MLCT excited state to the dσ* character ligand field excited 
state. Population of the ligand field state provides additional excited-state relaxation 
pathways, including nonradiative and photo-induced ligand loss pathways.53 
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Another interesting observation that was made with other RuII polypyridyl 
complexes, where a weak temperature dependence was observed in the excited-state lifetime 
that was not accurately modeled by the “thexi” state and ligand field excited states alone. 
Thus, the existence of a fourth 3MLCT state has been invoked, which provides an additional 
nonradiative excited-state relaxation pathway.54–56 The time evolution of the excited state 
after light excitation until its return to the ground state is depicted in Figure 1.3. 
 
Figure 1.3. A Jablonski-type diagram for [Ru(bpy)3]2+. The ligand field states and fourth 
3MLCT are the activated energies for crossing from the 3MLCT. Intersystem crossing is 
abbreviated as ISC.    
 
A critical consideration when utilizing molecular chromophores to drive 
photochemical processes are the excited state reduction potentials. Upon absorption of a 
photon, RuII polypyridyl complexes become both stronger oxidants and reductants than in 
their ground state. The excited-state reduction potentials are calculated from the 
experimentally-determined reduction potentials and the Gibbs free energy stored in the 
excited state (ΔGES). The ΔGES is typically estimated through a Franck-Condon lineshape 
analysis or linear extrapolation of the steady-state photoluminescence spectrum.57–59 For 
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RuII polypyridyl complexes, the excited-state oxidation potential, E (Ru3+/2+*), and excited-
state reduction potential, E (Ru2+*/+), are calculated from eq. 1.3 and eq. 1.4, respectively. 
𝐸 Ru / ∗ = 𝐸 Ru / − Δ𝐺             (1.3) 
𝐸 Ru ∗/ = 𝐸 Ru / + Δ𝐺             (1.4) 
1.3 Homogeneous Catalysis for Solar Fuels Production 
The study of molecular approaches for artificial photosynthesis, where sunlight is 
used to make high-energy chemicals, has been extensively explored since the 1970s.60 
Numerous high-energy reactions have been targeted, including water splitting61,62 (eq. 1.5), 
carbon dioxide reduction63 to a multitude of different reduced products, including formic 
acid64 (eq. 1.6), carbon monoxide65 (eq. 1.7), and methanol66 (eq. 1.8), and hydrohalic acid 
splitting66,67 (eq. 1.9).  
2𝐻 𝑂 → 2𝐻 + 𝑂             (1.5) 
𝐶𝑂 + 2𝐻 + 2𝑒  → 𝐻𝐶𝑂𝑂𝐻            (1.6) 
𝐶𝑂 + 2𝐻 + 2𝑒  → 𝐶𝑂 + 𝐻 𝑂            (1.7) 
𝐶𝑂 + 6𝐻 + 6𝑒  → 𝐶𝐻 𝑂𝐻 + 𝐻 𝑂            (1.8) 
2𝐻𝑋 → 𝐻 + 𝑋             (1.9) 
In 1974, excited-state electron transfer by [Ru(bpy)3]2+* was first reported.68 Through 
the use of conventional flash photolysis, excitation of dπ6 [Ru(bpy)3]2+ produced the 
3(dπ5π*1) MLCT excited state, [Ru(bpy)3]2+*, which underwent diffusional electron-transfer 




Scheme 1.1. Excited-state electron transfer sequence from [Ru(bpy)3]2+ to paraquat. 
 
In effect, a light-harvesting complex converted 2.1 eV of excited-state free energy 
into 1.7 eV of transient stored redox energy, with the products of electron transfer, 
[Ru(bpy)3]3+ and MV●+, thermodynamically capable of splitting water into oxygen and 
hydrogen. This promising development resulted in a broader exploration of molecular 
approaches to artificial photosynthesis.62,70 
Lehn and Ziessel demonstrated in 1982 the photochemical generation of CO from 
CO2 reduction using visible light with Ru(bpy)32+ as a sensitizer, trialkylamine as an electron 
donor, and Co2+ as the catalyst.71 Selectivity for the formation of CO from CO2 reduction 
versus H2 from H2O reduction was tunable based on choice of tertiary amine. Since this 
seminal work, various combinations of sensitizer, electron donor, and catalyst have been 
utilized to reduce CO2.63  
One common drawback often experienced with molecular approaches to artificial 
photosynthesis is the inability to circumvent high energy one-electron radical intermediates. 
At pH = 7, the two-electron reduction of CO2 to CO occurs at E = −0.53 V vs NHE. 
However, the one-electron reduction of CO2 in the same conditions occurs at E = −1.90 V vs 
NHE, requiring almost 1.4 eV of extra driving force.72  
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Nocera and coworkers sought to access lower energy pathways through photoinduced 
reductive elimination for HX splitting. Using 335 nm UV illumination and a halogen trap, 
they demonstrated photocatalytic hydrohalic acid splitting with both HCl and HBr with a 
mixed-valence dirhodium photocatalyst.73 Additional studies by Nocera and others explored 
platinum,74,75 gold,76 nickel,77,78 antimony,79 and tellurium80,81 metal centers for photoinduced 
HX splitting. While some have shown promise for reductive elimination of halogens without 
the need for halogen traps, low efficiencies have inhibited overall development of this as a 
promising strategy for HX splitting. 
1.4 Dye Sensitization and Dye-Sensitized Solar Cells 
One of the breakthrough developments in utilizing molecular dyes was the discovery 
that semiconductors could be sensitized to light of wavelengths longer than those 
corresponding to the semiconductor’s band gap. Dye-sensitization dates back to 1873 when 
dyes were associated with silver halide semiconductors used in photography to produce the 
first panchromatic photographic film.82 Soon after in 1887, dye-sensitized photoelectrodes 
were tested using silver halide semiconductors sensitized with the dye erythrosin.83 However, 
the operating principle of photoelectrode behavior was not detailed until the 1960s, where 
Gerischer provided a detailed mechanism for dye sensitization of n-type semiconductors that 
included excited-state electron injection from the dye into the semiconductor conduction 
band.84  
Titanium dioxide (TiO2) presented itself as a promising wide band gap n-type 
semiconductor due to its low cost, low toxicity, and wide availability.85 Early work with dye-
sensitized planar TiO2 surfaces indeed resulted in photocurrents due to excited-state electron 
injection into the TiO2 conduction band, but the low light harvesting efficiencies of the dye 
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monolayer significantly inhibited overall cell performance efficiency.86,87 Incorporation of 
anchoring or binding groups into the ligand scaffolds of these dyes allowed for greater 
stability.88,89 For RuII polypyridyl dyes, carboxylic acids were introduced, which were 
proposed to react with surface hydroxyl groups on the TiO2 surface.90 Still, with planar 
semiconducting materials, light-to-current efficiencies were less than 0.05%.  
A remarkable breakthrough was achieved in 1991 when O’Regan and Gratzel utilized 
a mesoporous thin film of TiO2 nanocrystallites instead of the planar electrode. This resulted 
in ~1000 times larger active surface area, dramatically increasing the light harvesting 
efficiency of the photoelectrode when sensitized with dye molecules. In the seminal 1991 
Nature publication,91 this mesoporous dye-sensitized thin film photoelectrode, coupled with 
an organic electrolyte solution containing an iodide/tri-iodide (I−/I3−) redox mediator, 
displayed conversion efficiencies over 7%. These incredible results pioneered the way for 
extensive research into low-cost, high efficiency dye-sensitized solar cells, which will be 




Figure 1.4. A schematic representation of a DSSC using a generic RuII polypyridyl 
chromophore and representative redox mediator (M). The operating principles consist of (1) 
light excitation, (2) excited-state electron injection to the acceptor states of the TiO2, (3) 
generation of photocurrent through external circuit to perform useful work, (4) reduction of 
the redox mediator, and (5) regeneration of the oxidized Ru chromophore. The unwanted 
recombination pathways include (A) excited-state relaxation, (B) back-electron transfer, and 
(C) charge recombination to the redox mediator.   
 
The dye-sensitized solar cell (DSSC, Figure 1.4) combines the robustness of the 
heterogeneous semiconductor material with the light harvesting capability of a molecular 
chromophore. In a typical DSSC, chromophores are anchored to the surface of a mesoporous 
thin film of TiO2 nanocrystallites that have been sintered onto a transparent conductive oxide 
(TCO) substrate, such as fluorine-doped tin oxide (FTO). Solar light to electrical current is 
first initiated upon absorption of a photon by the molecular chromophore.92–94 In the ground 
state, the reduction potentials of the chromophore are such that they do not undergo redox 
chemistry with the semiconductor substrate. Upon illumination and subsequent photon 
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absorption, a surface-bound chromophore is promoted to an excited state, whereby it can 
undergo excited-state electron injection into the conduction band or acceptor states of the 
semiconductor.95 This results in a charge-separated state consisting of the injected electron in 
the TiO2 and the now-oxidized chromophore on the surface. The injected electron diffuses 
through the TiO2 film until it reaches the FTO back contact, where it enters an external 
circuit to perform useful work. The electron is ultimately transported to the counter electrode, 
which is typically platinum, where it reduces the redox mediator in the electrolyte.96 The 
reduced redox mediator diffuses through the liquid electrolyte to the oxidized chromophore 
where it undergoes a final electron transfer to reduce the oxidized chromophore back to its 
ground state.97 Thus, solar light was converted to electrical current without any net chemistry 
occurring, which classifies a DSSC as a regenerative cell.98  
In addition to the desired processes, there are a number of unwanted recombination 
processes that occur in kinetic competition. Upon absorption of a photon, the excited-state 
chromophore can undergo relaxation through radiative and nonradiative pathways rather than 
undergo excited-state electron injection. Additionally, the injected electron can recombine to 
either the oxidized chromophore99 or the redox mediator.100,101 Either pathway results in 
decreased overall cell performance. In order to achieve maximum cell efficiencies, the 
unwanted reactions must be identified. Numerous strategies have been explored in order to 
optimize DSSCs, including variations on the composition and morphology of the 
semiconductors,102,103 synthetic tuning of the molecular dyes,104 alternative redox 
mediators,105,106 and changes to the supporting electrolyte composition. Numerous review 
articles have explored these areas extensively.107–111 
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1.5 Intermolecular Lateral Self-Exchange 
1.5.1 Electrochemically Induced Hole Hopping 
An interesting additional process on dye-sensitized interfaces was reported in the 
1990s that monolayers of surface-bound redox active molecules on wide band gap 
semiconductors could undergo completely reversible electrochemical oxidation, despite 
having reduction potentials within the band gap of the semiconductor. Because the 
semiconductor electronic states were not responsible for facilitating oxidation, an alternative 
mechanism had to be operative. Bonhote and co-workers explored this reversible 
electrochemical process in detail, examining mesoporous thin films of nanocrystallite TiO2, 
ZrO2, and Al2O3 sensitized with surface-anchored triphenylamine (TPA) molecules.112 Rapid 
oxidation of the TPA molecules occurred upon application of an applied potential more 
positive than that of the TPA+/0 reduction potential. In order for complete oxidation of all the 
surface-anchored TPA molecules, the TPA surface coverage needed to be above a minimum 
value, referred to as the percolation threshold. Thus, it was concluded that film oxidation was 
occurring via discrete intermolecular electron transfer processes between neighboring TPA 
and TPA+ species initiated at the conductive back electrical contact (typically FTO), rather 
than by physical diffusion of molecules or facilitated through the semiconductor interface.113 
Since these initial studies, this observation has been extended to many surface-bound organic 
and transition metal compounds.114–116 
This intermolecular electron transfer process, known as “hole hopping,” can be 
quantified through electrochemical and spectroscopic techniques. One common experimental 
approach to quantify the electrochemically-induced hole hopping across a semiconductor 
surface is chronoabsorptometry. In this technique, a potential is applied sufficiently positive 
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(~500 mV typically) of the reduction potential of the surface-bound molecule to initiate film 
oxidation. The UV-visible absorbance changes are monitored over time until complete 
oxidation of the film is achieved. By plotting the change in absorbance versus the square root 
of time, the resulting data can be fit to a modified Anson equation117 (eq. 1.10), such that: 
∆𝐴 =
∆𝐴 𝐷 / 𝑡 /
𝑑𝜋 /
            (1.10) 
where ΔA is the change in absorbance at a given time, t, ΔAtotal is the total absorbance 
change, DCA is the apparent diffusion coefficient, and d is the film thickness. Since the Anson 
equation was derived using semi-infinite diffusion boundary conditions, at longer timescales 
the data deviates from linearity due to the finite thickness of the semiconductor thin films. As 
seen in Figure 1.5, after initiation of film oxidation, the absorbance change appears linear 
until it has decreased approximately ~60%. Beyond this point, the kinetic data begins to 
deviate from linearity as the boundary conditions begin to fail. 
 
Figure 1.5. A typical Anson plot of the normalized change in absorbance versus the square 
root of time after an oxidizing potential step. The red line is fit to the Anson equation, eq. 
1.10. 
























The experimentally-determined apparent diffusion coefficient, DCA, can be converted 
to an electron transfer rate constant through the Dahms-Ruff equation, where the apparent 
diffusion coefficient is directly proportional to the first-order “hopping” rate constant, kR. 
The Dahms-Ruff equation is dependent on the intermolecular distance, δ, and the number of 
nearest neighbors, n. These parameters are often difficult to confidently quantify, so 
numerous assumptions about the molecular arrangement of these dye-sensitized surfaces are 
often invoked in order to calculate kR from DCA85,116–119 (eq. 1.11). 
𝐷 =  
𝑘 𝛿
𝑛
            (1.11) 
Previous results with a homologous series of ruthenium polypyridyl complexes 
indicate that steric bulk seems to be the dominant characteristic in determining hole hopping 
rate constants on semiconductor thin films.118 Varying the steric bulk alters the 
intermolecular distance between active redox dyes, which directly impacts the hole hopping 
rate constant. 
1.5.2 Photochemically Induced Hole Hopping and Transient Polarization Spectroscopy 
Hole hopping can also be induced photochemically on dye-sensitized TiO2 
photoelectrodes. Upon light excitation and subsequent excited-state electron injection, the 
resultant oxidized chromophore can undergo hole hopping with nearby surface-bound 
chromophores. Photoexcitation of a subpopulation of chromophores on a given 
nanocrystallite, rather than full film oxidation as observed in chronoabsorptometry 
experiments, may provide more accurate information since it better represents the operating 
conditions of a dye-sensitized solar cell. Hole hopping has been shown to increase charge 
recombination rates in dye-sensitized solar cells.120,121 
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Photoinduced hole hopping has been examined through transient polarization 
spectroscopy.122,123 In this pump-probe experiment, an initial anisotropic distribution of 
oxidized chromophores is generated through excitation with a polarized light pulse and 
subsequent electron injection. The photo-excited sample is then interrogated with a probe 
beam polarized parallel or perpendicular to the excitation.124 In the case of RuII polypyridyl 
chromophores, the bleach of the MLCT band upon oxidation is typically monitored. 
Immediately after excitation, the parallel probe signal is expected to have the maximum 
amplitude, while the perpendicular probe signal should be the minimum amplitude. In the 
absence of hole hopping, a decrease in the signal amplitude corresponds to recombination of 
injected electrons with the oxidized chromophores. When hole hopping is present, an 
additional mechanistic pathway is activated when probing with polarized light. If hole 
hopping is much faster than charge recombination, then the parallel probe signal (∥) will 
coalesce with the perpendicular probe signal (⊥) prior to complete recombination. This 
coalescence is indicative of the loss of the anisotropic distribution of oxidized chromophores 
due to hole hopping across the nanocrystallite surface (Scheme 1.2). The absorbance changes 
with polarization dependency removed, i.e. obtained at the magic angle (ΔAbsmagic angle) are 
calculated from eq. 1.12. The anisotropy, r, is calculated at any time from eq. 1.13, which is 












Scheme 1.2. Anisotropy decay over time through self-exchange electron transfer after initial 
formation of an anisotropic distribution from polarized light excitation.  
 
Due to the random walk nature of hole hopping, Monte Carlo simulations can be 
performed to simulate the anisotropy decay observed after vertically-polarized light 
excitation.125,126 In these simulations, chromophores are distributed across a hypothetical 
nanocrystallite surface at distances that correspond to the intermolecular distances expected 
from absorption spectra. To initiate the simulation, the probability of an initial hole being 
generated at a specific location was proportional to cos2φ, where φ is the inclination angle of 
the vertical plane, i.e. vertically polarized light has φ = 0. For each initialization, the excited-
state chromophore generated after vertically-polarized excitation is assumed to quantitatively 
inject an electron. After formation of the oxidized chromophore, or hole, a random walk 
simulation is performed, undergoing a series of iterations of random steps or “hops”. Self-
exchange electron transfer (hole hopping) is modeled with an exponential distance 
dependence for the probability of transfer with βtransfer = 1.2 Å-1 utilized as was previously 
determined.118 The anisotropy, r, at any time during the random walk was calculated via eq. 





3 < cos φ > −1
2
                (1.14) 
 
Multiple random walks are aggregated to simulate the anisotropy decay through the 
law of large numbers. From the resulting simulated anisotropy decay, the time per iteration 
step that best models the experimental anisotropy decay data allows for determination of the 
resulting self-exchange rate constant for each chromophore (Figure 1.6). 
 
Figure 1.6. (a) Sample random walk simulation to model hole hopping. (b) Anisotropy data 
for a RuII chromophore on TiO2 with resultant Monte Carlo simulation overlaid in red.  
 
1.6 Artificial Photosynthesis with Bulk Materials 
In 1972, Honda and Fujishima first demonstrated that illumination of a semiconductor 
material with photons whose energy exceeded the band gap resulted in electrochemical 
decomposition of water into hydrogen and oxygen.127 Using a bulk n-type rutile TiO2 
working electrode and a platinum counter electrode, illumination with < 415 nm light 
resulted in sustained water splitting. Holes generated in the TiO2 valence band served as 
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potent oxidants capable of water oxidation to generate oxygen, while the photoexcited 
electrons in the conduction band were transferred to the platinum counter electrode where 
proton reduction took place with additional driving force provided with a pH gradient. This 
seminal work laid the foundation for the use of heterogeneous semiconductor interfaces as 
photoelectrodes for artificial photosynthesis.128,129 
In order to utilize a heterogeneous semiconductor material for artificial 
photosynthesis, there are numerous criteria that should ideally be met.130 1) The 
semiconductor should absorb a wide range of the solar spectrum, which is determined by the 
band gap of the semiconductor. 2) The semiconductor must have suitable band edge 
energetics, where the conduction band must be at a potential negative enough to drive the 
desired reductive processes and the valence band must be at a potential positive enough to 
drive the desired oxidative processes. 3) The semiconductor should possess a high charge 
mobility and long charge carrier diffusion length to ensure a low charge recombination rate. 
4) The semiconductor should exhibit strong photocatalytic activity to reduce overpotentials. 
5) The semiconductor should be chemically, electrochemically, and photochemically stable 
in the electrolyte solution. 6) The semiconductor should be inexpensive and ideally 
environmentally friendly. Identifying a single semiconductor material that meets all the 
desired criteria listed above has proven exceptionally difficult. Numerous materials have 
shown promise by meeting several of the desired criteria, but a practically useful material has 
not yet been identified. 
One of the most promising heterogeneous material designs for artificial 
photosynthesis was the Texas Instruments Solar Energy System131 (TISES, Figure 1.7). 
Developed by Nobel Prize laureate Jack Kilby, the TISES was based on hydrobromic acid 
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splitting. Two silicon junctions were connected in series to produce a voltage of ~ 1.1 V, 
sufficient for hydrobromic acid splitting with ΔG = 1.09 eV. The n-type silicon photoanodes 
oxidized bromide to bromine, while a Pt or Pt/Ir alloy co-catalyst on a p-type silicon 
photocathode reduced protons to hydrogen.132 The bromine and hydrogen were stored 
separately and recombination in a fuel cell extracted the energy stored in the high-energy 
chemicals produced. The photoelectrodes were prepared as small silicon spheres for an 
increased active surface area. Solar-to-hydrogen efficiencies as high as 8.6% were 
reported.133 Ultimately, corrosion issues and costs inhibited further development of the 
TISES. 
 
Figure 1.7. Texas Instruments Solar Energy System, highlighting (left) the closed loop 
storage of solar energy and subsequent release of energy through HBr splitting and (right) the 
modular approach for direct rooftop application. Taken from reference 131. 
 
1.7 Dye-Sensitized Photoelectrosynthesis Cell (DSPEC): Combination of Homogeneous 
and Heterogeneous Catalysis 
 
1.7.1 DSPEC Basic Operating Principles 
The dye-sensitized photoelectrosynthesis cell (DSPEC)134 provides an architecture to 
combine the tunability of molecular catalysts with the robustness and durability of bulk 
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heterogeneous semiconductors. Based on the design of the well-developed DSSC, the 
DSPEC consists of molecular photocatalysts sensitized to mesoporous thin films of wide 
band gap semiconductor nanocrystallites.135 The mesoporous nanocrystallite structure allows 
for 1000x greater active surface area versus a planar surface, which allows for high 
concentrations of chromophores and catalysts for artificial photosynthesis. Meyer and 
coworkers developed the first DSPEC in 1999, consisting of a molecular ruthenium-based 
chromophore-catalyst assembly sensitized to a TiO2 nanocrystallite mesoporous thin film.136 
The DSPEC photoanode drove the dehydrogenation of iso-propanol to acetone upon 
illumination, a thermodynamically uphill process with ΔG○ = 880 meV.  
A photoanode DSPEC operates through photoexcitation of a surface-bound 
photocatalyst or chromophore-catalyst assembly (Figure 1.8). The excited-state injects an 
electron into the acceptor states of the semiconductor, which subsequently diffuses to the 
back electrical contact. This electron then moves through the external circuit to the cathode 
to drive a reductive chemical fuel forming processes such as proton or CO2 reduction.137 The 
resulting hole in the photocatalyst or chromophore-catalyst assembly can then be used for 
oxidative catalysis, such as water or halide oxidation. This hole transfer regenerates the 




Figure 1.8. A schematic representation of a DSPEC for HX splitting with a generic RuII 
polypyridyl photocatalyst. The operating principles consist of (1) light excitation, (2) excited-
state electron injection to the acceptor states of the SnO2/TiO2 core/shell semiconductor, (3) 
oxidation of the hydrohalic acid (HX) to halogen (X2) and regeneration of the photocatalyst, 
and (4) reduction of protons to hydrogen gas (H2) at the Pt cathode from electrons transferred 
from the photoelectrode. The unwanted recombination pathways include (A) excited-state 
relaxation and (B) back-electron transfer. The photoproducts are separated from unwanted 
recombination by a proton-exchange membrane (PEM).    
 
The first DSPEC for water splitting was developed by Mallouk and coworkers in 
2009.138 The DSPEC consisted of a mesoporous thin film of TiO2 nanocrystallites sensitized 
with a ruthenium polypyridyl chromophore. IrO2 nanoparticle catalysts were then attached to 
the surface-bound molecular chromophores. Upon illumination, the excited-state 
chromophore injects an electron into the TiO2 acceptor states. The oxidized chromophore 
then transfers a hole to the IrO2 nanoparticle that catalyzes water oxidation. The injected 
electron diffuses to the Pt dark cathode where it drives proton reduction to produce hydrogen. 
The low internal quantum yield of 0.9% and 20% Faradaic efficiency for water oxidation 
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were attributed to the slow electron transfer from the IrO2 nanoparticle to the oxidized 
chromophore, which did not compete effectively with back electron transfer from the TiO2 to 
the oxidized chromophore. But despite the low efficiencies, this seminal work was an early 
demonstration of a DSPEC using visible light to drive overall water splitting.61,139,140 
1.7.2 Core/Shell Semiconductor Architectures 
One of the most promising developments in the DSPEC was the use of a core/shell 
dual semiconductor structure.141,142 The typical structure consists of an underlying 
mesoporous thin film of metal oxide semiconductor nanocrystallites that make up the core.143 
Through atomic layer deposition (ALD), an additional metal oxide semiconductor layer is 
deposited over top of the core, creating the shell structure.144 ALD is a thin-film deposition 
technique and a subclass of chemical vapor deposition.145 The process commonly consists of 
two precursor chemicals that are alternatively pulsed into a chamber containing the material 
substrate upon which deposition occurs. The process is self-limiting in that it is dependent on 
a finite number of reactive sites on the surface.146 Once all of the available sites have been 
consumed, growth stops. The chamber is evacuated and the second precursor is then pulsed 
in, where it reacts with the new reactive sites produced by the deposition of the first 
precursor. By alternating the precursor pulse and evacuations, thin film deposition growth is 
achieved in a cyclical manner.  
A common motif that has been utilized extensively in DSPECs is the SnO2/TiO2 
core/shell structure.147 The mesoporous thin film core of rutile polymorph SnO2 
nanocrystallites has a deposited shell layer of TiO2 of thicknesses varying from 1-5 nm over 
top. Deposition thicknesses of about 0.7 Å per cycle of TiO2 are commonly reported. Upon 
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annealing, the rutile polymorph SnO2 core seeds the TiO2 shell to take on the same rutile 
polymorph, which has been confirmed through Raman spectroscopy. 
When the core/shell materials are sensitized with molecular chromophores or 
photocatalysts, light excitation results in excited-state electron injection with charge-
separated states that live 2-3 orders of magnitude longer than when the core substrate is 
employed alone.148,149 This longer-lived charge-separated state allows for more efficient 
catalysis and 4-10 times greater overall cell performance efficiencies.147,148,150 Initial 
hypotheses for this were based on the conduction band positions of the two metal oxide 
semiconductors.151 Bulk rutile TiO2 has a conduction band position 400 mV more negative 
than the conduction band position of bulk rutile SnO2. Thus, upon electron injection into the 
TiO2, there was 400 mV driving force for electron transfer to the SnO2 core. Recombination 
with the oxidized chromophore requires that the electron tunnels through the TiO2 shell 
barrier. However, recent reports from Meyer and coworkers suggest that this model is 
insufficient.152 Studies were conducted with SnO2/TiO2 core/shell thin films to 
spectroscopically distinguish electrons in the core versus the shell. The inability to spectrally 
resolve either suggested that the electrons resided in a separate position, with the current 
hypothesis being a SnxTiyOz interfacial state between the SnO2 core and TiO2 shell that forms 
upon annealing.153 
1.7.3 Future Directions 
While there is still an extensive precedent utilizing molecular chromophore-catalyst 
assemblies in DSPECs,154 these approaches have been plagued by long term stability issues 
and added complications of numerous additional charge recombination pathways. 
Accumulating the four holes necessary for water oxidation is kinetically difficult with solar 
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photons.155–157 Additionally, intermolecular disproportionation chemistry between surface-
bound chromophore-catalyst assemblies can further inhibit the necessary accumulation of 
holes required for water oxidation.158 One possible means of inhibiting the unwanted 
intermolecular disproportionation chemistry is through the addition of an insulating 
overlayer,159 which has been shown to prevent intermolecular self-exchange.160 
Another promising means to overcome the kinetic limitations of solar water splitting 
is to decouple the water oxidation catalysis from light absorption. In solar HX splitting, 
oxidizing equivalents are stored in the form of oxidized halide species, such as bromine. 
These oxidizing equivalents can be utilized to activate water oxidation catalysts without 
illumination, regenerating the halide and turning over water oxidation. Thus, oxidized halide 
species can be used as redox mediators for overall water splitting. This process, known as 
halide-mediated water splitting, is the subject of ongoing and future work.161 Designing a 
DSPEC to drive halide-mediated solar water splitting will require a careful balancing of the 
underlying semiconductor properties, the design of robust and highly efficient halide 
oxidation photocatalysts, optimal halide-mediated water oxidation catalysts, and appropriate 
electrolyte solution conditions. Further investigation into these aspects may ultimately realize 
an efficient, cost effective means of converting solar energy into clean, sustainable energy to 
power the planet for generations to come.162 
1.8 Conclusions 
Solar energy has immense potential to supply clean, sustainable energy to easily 
match the increasing demands of mankind. Dye-sensitized photoelectrosynthesis cells 
provide a promising architecture that combine the tunability of molecular photocatalysts with 
the robustness and durability of a heterogeneous catalytic material. Sensitizing a wide band 
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gap semiconductor to visible light with molecular photocatalysts further enhances the 
performance of the underlying semiconductor material. In order to optimize performance of 
this device, it is crucial to develop fundamental understandings of the interfacial processes 
between the surface-bound molecular catalysts and the semiconductor substrate.  
In Chapters 2 and 3, ruthenium polypyridyl photocatalysts were examined on TiO2 
and SnO2/TiO2 core/shell interfaces as photoanodes for hydrobromic acid splitting. Chapter 
2 examined a single ruthenium polypyridyl photocatalyst capable of both excited-state 
electron injection to the semiconductor and subsequent oxidation of bromide in aqueous 
solution, while Chapter 3 examines a series of four ruthenium polypyridyl photocatalysts 
with ground- and excited-state reduction potentials tuned through synthetic modification. In 
Chapter 4, a ruthenium polypyridyl photocatalyst was found to undergo fascinating ligand 
photosubstitution chemistry in solution in the presence of bromide. In Chapter 5, the surface 
stability of the ground-state and oxidized form of a series of twenty-two ruthenium 
polypyridyl photocatalysts was explored through electrochemistry on planar FTO substrates 
and mesoporous thin films, which revealed a correlation between the E (RuIII/II) reduction 
potential and overall stability of the photocatalyst. In Chapter 6, the self-exchange or “hole 
hopping” for a series of surface-bound ruthenium polypyridyl photocatalysts on TiO2 was 
examined electrochemically and photochemically in the absence and presence of an 
insulating Al2O3 overlayer. It was determined that the insulating overlayer completely 
inhibits hole hopping, but still allows for photoinduced excited-state electron injection from 
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Conversion of sunlight into electrical power using photovoltaics has shown 
significant potential to provide sustainable energy while minimizing greenhouse gas-
producing fossil fuel usage.1 However, the inability to generate power at night and 
inconsistent day-to-day photovoltaic performances present their own unique challenges. 
Through catalytic reactions, solar energy can be converted into chemical bonds that can serve 
as solar fuels.2 One means of generating solar fuels is through hydrohalic acid (HX) splitting. 
Similar to water splitting, HX splitting is the concurrent reduction of H+ to H2 and oxidation 
of X− to X2. HBr splitting in particular has many advantages, including the largest theoretical 
solar-to-hydrogen efficiency and its use in high-performance fuel cells and flow batteries.3–8 
Thus, Br− is not a sacrificial reductant, but a regenerative fuel source that compliments H2 
production in ways that other hydrohalic acids cannot. A molecular approach to designing an 
appropriate Br− oxidation photocatalyst provides significant control over the photophysical 
and electrochemical properties of the catalyst. Ruthenium polypyridyl complexes are an 
attractive photocatalyst choice due to their visible-light absorption with high extinction 
coefficients, tunable redox potentials, and acid stability.9–12 Herein it is reported that visible 
 
1This chapter was previously published in the Journal of the American Chemical Society. Reprinted with 
permission from Brady, M. D.; Sampaio, R. N.; Wang, D.; Meyer, T. J.; Meyer, G. J. Dye-Sensitized 
Hydrobromic Acid Splitting for Hydrogen Solar Fuel Production. J. Am. Chem. Soc. 2017, 139 (44), 15612-
15615. Copyright 2017 American Chemical Society. 
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light excitation of a new RuII polypyridyl complex allows for Br− oxidation and subsequent 
Br-Br bond formation for sustainable HBr splitting while simultaneously providing electrons 
for the reduction of protons to yield H2 gas in a dye-sensitized photoelectrosynthesis cell 
(DSPEC).13  
Similar to a dye-sensitized solar cell14,15 the DSPECs utilized a dye-sensitized 
mesoporous nanocrystalline thin film, but produced fuels in compartments of an H-cell 
separated by a Nafion proton exchange membrane that can be collected and stored.  The 
mesoporous thin films were either anatase TiO2 or SnO2/TiO2 core/shell (CS) nanostructures, 
which consisted of SnO2 nanoparticles with a 4.5 nm thick amorphous ALD-deposited TiO2 
shell as previously described.13 Unless otherwise stated, 100 mW/cm2 white-light 
illumination truncated with a 400 nm longpass filter to inhibit semiconductor direct bandgap 
excitation was utilized in 1 N HBr aqueous solutions sparged with N2 and kept under an inert 
atmosphere with an external bias of +0.6 V vs NHE. 
2.2 Experimental Methods 
 
2.2.1 Materials  
Distilled water was further purified by using a Milli-Q water purification system 
(resistivity > 18.2 MΩ). Methanol (certified ACS) and diethyl ether (BHT stabilized, 
certified ACS) were purchased from Fisher Scientific and were used as received. 
Bromotrimethylsilane (97%), alumina (neutral, activated Brockmann I), and perchloric acid 
(70%, 99.999% trace metals basis) were purchased from Sigma-Aldrich and used as 
received. Acetonitrile (Burdick and Jackson, spectrophotometric grade), ethanol (Decon 
Labs, 200 proof), argon (Airgas, 99.999%), hydrobromic acid (Fluka Analytical, purum p.a., 
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≥ 48%), and sodium bromide (J.T. Baker, 99.6%) were used as received. All other reagents 
and solvents were ACS grade and used without additional purification. Dichloro(1,5-
cyclooctadiene)ruthenium(II) polymer (Ru(cod)),16 4,4’-bis(trifluomethyl)-2,2’-bipyridine 
(btfmb),17 4,4’-bis(diethylphosphonate)-2,2’-bipyridine,11 and [Ru(bpy)2(4,4’-PO3H2-
bpy)](Cl)2 (RuP)11 were prepared according to previous published methods. Fluorine-doped 
tin oxide (FTO) was used as the back contact of the photoelectrodes and was purchased from 
Hartford Glass (15 Ω/sq). SnO2 thin films18 and TiO2 thin films19 were prepared as 
previously described. 
2.2.2 Synthesis of [Ru(btfmb)2Cl2] 
Ru(cod) (450mg, 1.61 mmol) and btfmb (940 mg, 3.22 mmol) were suspended in 60 
mL of 1,2-dichlorobenzene. The mixture was sparged with argon for 30 minutes, then 
refluxed at 180 ○C for 2 h. After cooling to r.t., product was precipitated out in 250 mL 
diethyl ether. The product was filtered, washed with diethyl ether, and transferred to a 
vacuum oven to be dried overnight. 1.30 g of dark purple/black powder was collected and 
used without further purification.  Yield: 96%. 
2.2.3 Synthesis of [Ru(btfmb)2(4,4’-(PO3HEt)-2,2’-bipyridine)]Cl2  
Ru(btfmb)2Cl2 (195 mg, 0.258 mmol) and 4,4’-bis(diethylphosphonate)-2,2’-
bipyridine (111 mg, 0.258 mmol) were added into a G30 glass vessel for microwave reaction 
and dissolved with 10 mL EtOH. The mixture was heated in a microwave reactor to 160 ○C 
over a 5-minute period and then held at 160 ○C for 5 h. After removing solvent, the residue 
was purified by column chromatography on neutral alumina. An initial eluent of 
CH3CN:H2O (v:v; 95:5) was used and an initial purple band was eluted. After this was 
removed, the H2O content was gradually increased until an orange band was collected. These 
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fractions were collected, the solvent was removed, and the product was dried in a vacuum 
oven overnight. During the reaction or purification process the product underwent partial 
hydrolysis and was isolated as such. 217 mg of an orange powder was obtained. Yield: 77%. 
1H NMR (400 MHz, MeOD): δ (ppm) 9.36 (s, 4H), 8.91 (d, 2H), 8.19 (dd, 4H), 7.87 (m, 6H), 
7.74 (dd, 2H), 3.98 (p, 4H), 1.27 (t, 6H). 
2.2.4 Synthesis of [Ru(btfmb)2P]Br2  
[Ru(btfmb)2(4,4’-(PO3HEt)-2,2’-bipyridine)]Cl2 (217 mg, 0.199 mmol) was dissolved 
in 20 mL acetonitrile and sparged with argon for 30 minutes. TMSBr (0.45 mL, 3.41 mmol) 
was injected and the mixture was heated at 68 ○C for 48 hours under argon. After cooling to 
r.t., 5 mL MeOH was added and the mixture was stirred for 30 minutes. The solvent was 
removed and the residue was washed with diethyl ether, filtered, and dried in a vacuum oven 
overnight. 198 mg of an orange was obtained. Yield 85%. 1H NMR (400 MHz, MeOD): δ 
(ppm) 9.37 (s, 4H), 8.96 (d, 2H), 8.23 (dd, 4H), 7.96 (dd, 2H), 7.89 (t, 4H), 7.81 (dd, 2H). 
31P{1H} NMR (162 MHz, MeOD): δ (ppm) 5.56. HR-ESI-MS: m/z 500.99699 [M – 2Br−]2+ 
(calcd: 500.995) 
2.2.5 Microwave Syntheses 
Microwave reactions were carried out in an Anton Paar Monowave 300 microwave 
reactor in 30 mL glass vials (G30). Temperature was monitored with an internal IR 
temperature sensor. 
2.2.6 Atomic Layer Deposition  
Atomic layer deposition (ALD) was performed using a Cambridge NanoTech 
Savannah S200 instrument with TDMAT (tetrakis(dimethylamino)titanium) as Ti precursor 
with 4.5 nm shell thicknesses. 
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2.2.7 NMR Characterization 
1H and 31P NMR spectra were recorded on a Bruker Avance spectrometer operating at 
400 MHz in deuterated solvents at room temperature. Chemical shifts (δ) are reported in 
parts per million (ppm) referenced to the residual solvent signal for 1H and to an 85% 
phosphoric acid external reference for 31P NMR. Electrospray ionization mass spectra (HR-
ESI-MS) were measured using a Thermo Finnigan mass spectrometer. 
2.2.8 Thin Film Sensitization  
Thin films were sensitized by 24-hour submersion in a ~1mM Ru(btfmb)2P solution 
in 0.1 M HClO4 (aq). Thin films were equilibrated prior to all experiments by soaking in 
experiment solution for 1 hour prior to beginning experiment. 
2.2.9 UV-Vis Absorption  
UV-Vis absorption spectra were recorded on a Varian Cary 60 UV-Vis 
spectrophotometer with 1 nm resolution. The extinction coefficient of Ru(btfmb)2P was 
determined by diluting a stock solution and represents the averages of three independent 
measurements. 
2.2.10 Steady-State Photoluminescence  
Steady spectra were obtained with a HORIBA Fluorolog spectrophotometer equipped 
with a 450 W Xe arc lamp for the excitation source. PL spectra were obtained at room 
temperature with PL detected at a right angle to the excitation beam in solution and a front 
facing orientation when conducted on a slide. Quantum yields were measured versus 
[Ru(bpy)3]Cl2 in water as the standard (ϕPL = 0.042) with the optically dilute method. 
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2.2.11 Time-Resolved Photoluminescence  
Time-resolved PL data was acquired on a nitrogen dye laser with excitation centered 
at 445 nm. Pulsed light excitation was achieved with a Photon Technology International  GL-
301 dye laser that was pumped by a PTI GL-3300 nitrogen laser. The PL was detected by a 
Hamamatsu R928 PMT optically coupled to a ScienceTech Model 9010 monochromator 
terminated into a LeCroy Waverunner LT322 oscilloscope. Decays were monitored at the PL 
maximum and averaged over 180 scans. 
2.2.12 Spectroelectrochemistry  
Spectroelectrochemical measurements were performed on a Pine Instruments 
WaveNow potentiostat at room temperature (22 ± 1 ○C) with an Avantes AvaSpec-2048 
fiber-optic spectrometer and an Avantes AvaLight-DHc light source. Measurements used a 
standard three-electrode configuration (working electrode: sensitized Ru(btfmb)2P|nanoITO 
on FTO; reference electrode: Ag/AgCl (4 M KCl, externally referenced to SCE); counter 
electrode: platinum wire). The reference electrode was mounted in a Vycor-tipped glass tube 
with electrolyte to avoid chloride contamination.  
The density of electronic states shown in Figure 2.1b were quantified using a 
previously described method20–22 for Ru(btfmb)2P|CS in 1 N HBr (aq). The density of 
SnO2/TiO2 core/shell acceptor states was found to increase exponentially as the Fermi-level 
was raised toward the vacuum level, similar to that of TiO2 thin films.20 The chemical 
capacitance distributions for the Ru(btfmb)2P RuIII/II redox chemistry are not Gaussian and 
represent the Nernstian redox chemistry that the surface-bound species displays, albeit with a 
nonideality factor required to accurately fit the spectroelectrochemical data. The distribution 
of the excited-state reduction potential, E0 (RuIII/2+*), calculated from a thermochemical 
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cycle, was assumed to be the same as the ground state. The magnitude of the Ru(btfmb)2P 
chemical capacitance is proportional to the surface coverage or absorbance of the surface-
bound species. The one-electron Br●/− redox couple in solution was assumed to display 
Nernstian redox chemistry. 
2.2.13 Transient Absorption  
Nanosecond transient absorption (TA) measurements were obtained with an 
apparatus similar to that which has been previously described. Briefly, samples were excited 
by a Q-switched, pulsed Nd:YAG laser (Quantel U.S.A. (BigSky) Brilliant B; 5−6 ns full 
width at half-maximum (fwhm), 1 Hz, ∼10 mm in diameter) tuned to 532 nm with the 
appropriate nonlinear optics. The excitation fluence was measured with a thermopile power 
meter (Molectron) that was typically 3−5 mJ/pulse. A 150 W Xe arc lamp served as the 
probe beam and was aligned orthogonal to the laser excitation light. The probe lamp was 
pulsed for measurements on sub-100 μs time scales. Detection was achieved with a 
monochromator (SPEX 1702/04) optically coupled to an R928 photomultiplier tube 
(Hamamatsu). Transient data was acquired with a computer-interfaced digital oscilloscope 
(LeCroy 9450, Dual 330 MHz) with an overall instrument response time of ∼10 ns. 
Typically, 30 laser pulses were averaged at each observation wavelength over the range 
380−750 at 10 nm intervals. Full spectra were generated by averaging 2−10 points on either 
side of the desired time value to reduce noise in the raw data. Single wavelength kinetic 
traces typically consisted of 90 laser pulses averaged at the observed wavelength. 
Injection quantum yields were quantified via actinometry23 using RuP as an 
actinometric standard with Φinj = 1.24 Assuming that the extinction coefficient for 
Ru(btfmb)2P on the surface remained the same as in solution, nanosecond TA measurements 
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were monitored at 400 nm, the ground-state/excited-state isosbestic point for Ru(btfmb)2P, 
for Ru(btfmb)2P|TiO2 and Ru(btfmb)2P|CS. The injection quantum yield was calculated as 












× Φ (𝐑𝐮𝐏)    (2.1) 
where the transient change in absorbance (ΔAbs), absorptance (1-10-Abs), and extinction 
coefficient (Δε) are dependent on the wavelength monitored. The ΔAbs magnitude was taken 
50 ns after the laser pulse to ensure signal is acquired beyond the rise time of the instrument. 
2.2.14 Photoelectrochemical Cell  
H-cell photocurrent measurements were performed on a BASi Epsilon potentiostat 
with a Cole Parmer 41720-Series fiber optic illuminator. The electrodes were positioned to 
receive 100 mW cm-2 with the light intensity determined with a Coherent Molectron PM 
5200 laser power detector. A 400 nm longpass filter was used to avoid direct bandgap 
excitation of the oxide layer. The geometric area of the photoanode was used for reporting 
the current densities. 
2.2.15 Collector-Generator  
The collector-generator slides used in these studies were prepared as previously 
described.25 Briefly, a Ru(btfmb)2P|CS slide (generator) was attached to a bare FTO slide 
(collector) with insulating epoxy, but separated by 1 mm by strips of glass microscope slides, 
preventing electrical contact between the two conducting surfaces. These slides were utilized 
as two independent working electrodes in a bipotentiostat setup. The generator was held at a 
potential sufficiently positive for photocatalytic bromide oxidation and the collector was held 
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at a potential sufficiently negative for oxidized bromide reduction. Upon oxidation via the 
generator, oxidized bromide species diffuse to the collector where they are reduced back to 
bromide. The Faradaic efficiency of the system is thus taken as the ratio between total charge 
collected at the collector and the total charge produced at the generator. 
2.2.16 IPCE/APCE  
Incident photon-to-current efficiency (IPCE) measurements were conducted using a 
Coherent Genesis MX 460 nm solid state laser as the illumination source with photon output 
calibrated using a United Detector Technology (UDT) S370 optometer with a UDT model 
221 silicon photodiode. The IPCE current was measured using the BASi Epsilon potentiostat. 
The absorbed photon-to-current efficiency (APCE) was calculated as the IPCE divided by the 
absorptance of the photoelectrode used at 460 nm measured on the Varian Cary 60 UV-Vis 
spectrophotometer. 
2.2.17 Gas Chromatography  
Gas chromatography experiments were performed on a Varian 450-GC, pulsed 
discharge helium ionization detector. At the end of the photolysis periods, gaseous samples 
were drawn from the headspace (0.7 mL) by a gas-tight syringe (Vici) and injected into the 
GC. A temperature gradient was used starting at 40 ○C ramped to 80 ○C at 20 ○C/min. The 
column used was a GC Capillary Column CP Sil 8 CB 30x25 (0.25). A 5% hydrogen balance 
nitrogen certified standard gas mixture (Airgas) was used for hydrogen gas calibration. 
2.3 Results and Discussion 
The light absorber and photocatalyst employed was [Ru(btfmb)2P]2+, where btfmb is 
4,4’-bis(trifluoromethyl)-2,2’-bipyridine and P is 2,2′-bipyridyl-4,4′-diphosphonic acid, 
abbreviated herein as Ru(btfmb)2P (Figure 2.1a).  The absorption and photoluminescence 
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spectra measured in 0.1 M HClO4 (aq) are given in Figure 2.6, displaying a characteristic 
metal-to-ligand charge transfer (MLCT) band centered at 460 nm. Light excitation into the 
MLCT transitions resulted in room temperature photoluminescence (PL).  Pulsed light 
excitation yielded exponential PL decays with a lifetime τ = 510 ns.  A PL quantum yield 
(ΦPL) of 0.021 enabled the radiative and non-radiative rate constants to be extracted (Table 
2.1). Mesoporous thin films of TiO2 and SnO2/TiO2 CS were sensitized to visible light by 
overnight reactions with Ru(btfmb)2P and are abbreviated as Ru(btfmb)2P|TiO2 and 
Ru(btfmb)2P|CS, respectively. A plot of the Nernstian density of states for Ru(btfmb)2P 




Figure 2.1. (a) Ru(btfmb)2P photocatalyst. (b) Density of states for ground and excited 
states of surface-bound Ru(btfmb)2P photocatalyst (blue), the one-electron Br− redox couple 




Table 2.1. Photophysical and Electrochemical Properties of Ru(btfmb)2P in 0.1 M HClO4 
(aq). 





460 (16600)a 640 510 4.1 1.9 0.021b 





The MLCT absorption was largely unchanged upon surface binding (Figure 2.2a, 
inset). Spectroelectrochemical measurements were conducted to quantify the E0 (RuIII/II) 
reduction potential of the sensitized thin films (Figure 2.7).  The potential where equal 
number of RuII and RuIII were present was taken as the formal reduction potential, E0 (RuIII/II) 
= 1.67 V vs NHE, with a non-ideality factor28 of 1.68.  When compared to the accepted E0 
(Br●/−) = 1.92 V,29 Br− oxidation by RuIII(btfmb)2P is thermodynamically unfavorable, with 
ΔG○ = 0.25 V. However, at 1 N HBr concentrations, there is significant overlap that allows 
for isoenergetic electron transfer, highlighted by the Ru(btfmb)2P electrocatalysis (Figure 
2.8). 
The E0 (RuIII/2+*) excited-state reduction potential was estimated through eq. 2.2,  
𝐸  (Ru / ∗) = 𝐸 Ru ⁄ − ΔG         (2.2) 
where ΔGES is the Gibbs free energy stored in the excited state.  A ΔGES = 2.12 eV value was 
estimated from a linear extrapolation of the higher energy side of the corrected PL 
spectrum,30 resulting in E0 (RuIII/2+*) = −0.45 V vs NHE. 
Nanosecond transient absorption measurements of the sensitized thin films were 
quantified in 1 N HClO4 (aq) solutions. Representative spectral data measured after pulsed 
532 nm light (4.5 mJ/pulse) excitation of Ru(btfmb)2P|CS are shown in Figure 2.2a.  A 
bleach of the MLCT absorption band from 400-500 nm and a positive absorption from 550-
780 nm was assigned to excited state injection, i.e. RuII(btfmb)2P|CS + hν  
RuIII(btfmb)2P|CS(e−). The appearance of the oxidized complex could not be time resolved, 
consistent with a subnanosecond injection rate constant, kinj > 108 s-1. Injection quantum 
yields quantified 50 ns after laser excitation were Φinj = 0.57 for core/shell thin films and 
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0.29 for TiO2 thin films using Ru(bpy)2(4,4’-PO3H2-bpy) (RuP) as an actinometric 
standard.23,24,31,32 The ~ 2 fold yield increase for the core/shell materials likely results from a 
direct tunneling of the excited electron into the ~400 mV more positive density of acceptor 
states of the SnO2 core.33  
Charge recombination kinetics, i.e. RuIII(btfmb)2P|CS(e-)  RuII(btfmb)2P|CS, 
were monitored at 400 nm, a ground-state/excited-state isosbestic point (Figure 2.2b). The 
kinetics were non-exponential, but were accurately modeled by the Kohlrausch-Williams-
Watts (KWW) stretched exponential function (eq. 2.3), 
𝐴𝑏𝑠(𝑡) = 𝐴 𝑒 ( ∗ )         (2.3) 
where A0 is the initial amplitude, k is the characteristic rate constant, and β is inversely 
proportional to the width of an underlying Lévy distribution. Representative averaged rate 
constants (kKWW), calculated as the first moment in the distribution, were obtained from eq. 







              (2.4) 
A β = 0.25 value provided the best fit and interestingly the average charge recombination rate 
constant kcr = 2.8 x 102 s-1 was over two orders of magnitude smaller than the corresponding 
value measured for TiO2 thin films, kcr = 6.2 x 104 s-1 (Figure 2.9). 
The addition of Br− to the external solution resulted in more rapid recovery of the 
ground-state catalyst due to Br- oxidation, RuIII(btfmb)2P|CS + Br−  RuII(btfmb)2P|CS + 
Br● (Figure 2.2b). The kinetics were again modelled by the KWW function, but with β = 
0.62.  Average regeneration rate constants increased linearly with the Br- concentration and 
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the slope provided a second-order regeneration rate constant of kreg = 4.3 ± 0.3 x 104 M-1 s-1 
for both TiO2 (Figure 2.10) and SnO2/TiO2 core/shell materials. Photocatalyst regeneration 
efficiencies at open circuit conditions were calculated using eq. 2.5 to be Φreg = 0.99 for 
Ru(btfmb)2P|CS and Φreg = 0.41 for Ru(btfmb)2P|TiO2 from kcr and kreg in Table 2.2. 
Φ =
𝑘 [Br ]
𝑘 [Br ] + 𝑘
       (2.5) 
The comparative transient absorption data revealed that while the kinetics for 
bromide oxidation were independent of the metal oxide the catalyst was anchored to, the over 
200 times smaller average charge recombination rate constants for the core/shell 
nanostructure resulted in nearly quantitative bromide oxidation.  With injection quantum 
yields of 0.57, the data indicate that bromide photo-oxidation will occur with a 56% yield 
based on the number of absorbed photons for the core/shell materials, but only 12% for TiO2.  





Figure 2.2. (a) Absorption difference spectra measured between 50 ns and 80 μs after pulsed 
532 nm light excitation of Ru(btfmb)2P|CS in 1 N HClO4. The inset shows the ground state 
absorption spectrum. (b) Single wavelength absorption changes monitored at 400 nm after 
pulsed excitation of Ru(btfmb)2P|CS in 1 N HClO4 with the indicated Br− concentrations. 
Overlaid in black are fits to the KWW function.  The inset shows the average rate constants 
(kKWW) versus [Br−] with a best fit red line kREG = 4.3 x 104 M-1 s-1. 
 









(104 M-1 s-1) 
kcr  
(102 s-1) 
Φreg kcr  
(104 s-1) 
Φreg 
1.67c  -0.45c 4.3 2.8 0.99 6.2 0.41 
cPotentials vs NHE.  
Photocurrent experiments conducted with Ru(btfmb)2P|CS in a three-electrode setup 
under a fixed applied potential and sequential dark/light illumination cycles in 1 N HBr are 
shown in Figure 2.3a.  Light excitation resulted in strong photocurrent response with a 
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highly reproducible signature.  An initial photocurrent spike was followed by decay to 
steady-state values that were sustained over the time period that was studied. When the light 
was switched off, small cathodic currents were observed that were likely due to reduction of 
oxidized Br− photoproducts. The photocurrent magnitude increased significantly with more 
positive applied potentials.  Figure 2.3b shows that the photocurrents increased rapidly with 
potentials > 400 mV for the core/shell structure, while the anatase TiO2 thin films showed 
only a modest increase (Figure 2.11).  With an applied bias of +0.6 V vs NHE, the 
photocurrent density for the core/shell material was 1.5 mA cm−2, about 8 times greater than 
that measured for TiO2.  This 8-fold increase was in reasonable agreement with expectations 
of about 5 based on the transient absorption data measured under pulsed light conditions at 
the open circuit condition. Additionally, an IPCE of 20% and an APCE of 24% were 
determined at 460 nm for Ru(btfmb)2P|CS at +0.6 V applied bias. 
 
Figure 2.3. (a) Three light-on/light-off current responses of a Ru(btfmb)2P|CS thin film at the 
indicated applied potentials vs NHE. (b) Current density magnitudes measured after one 
minute of illumination of Ru(btfmb)2P|CS (red) and Ru(btfmb)2P|TiO2 (black) as a function 




The Faradaic efficiency for Br− oxidation was determined through a previously 
described collector-generator approach25 and spectroscopically through the Beer-Lambert 
law.  The latter approach required measuring the concentration of  tribromide (Br3−) through 
its known extinction coefficient (ε(266 nm) = 40900 M-1 cm-1)34 under conditions where the 
number of absorbed photons was known.  A correction was then applied to take into account 
the presence of Br2 that does not absorb light strongly (ε(390 nm) = 175 M-1 cm-1)34 through 
the equilibrium constant35 given in eq. 2.6.  Bromide oxidation is a two electron transfer 
process that has been shown in acetone36 to result from one-electron Br− oxidation to yield a 
bromine atom (Br●), that subsequently reacts with Br− to yield dibromide (Br2●−) as a 
transient radical that disproportionates to yield Br− and tribromide (Br3−).37  
Br +   Br  ⇌   Br           𝐾 = 16               (2.6) 
The collector-generator approach used a bipotentiostat to independently control the 
potentials of two electrodes separated by 1 mm. Upon illumination, bromide oxidation 
products produced at the dye-sensitized “generator” electrodes are reduced back to Br− at a 
dark collector electrode. Typical steady state data is shown in Figure 2.4.  Had the 
photocurrents from the generator been equal to that of the collector the Faradaic efficiency 
would be unity.  Instead, less charge was collected corresponding to a 71 ± 5% Faradaic 
efficiency, which was within experimental error the same as the 72% that was measured 
spectroscopically (Figure 2.12).  The origins of the less than 100% efficiency are unknown, 
however Slama-Schwok et al.38 indicated that Br● radicals generated in acidic water may 
react with transient oxygen radicals formed from water, behavior that could potentially 




Figure 2.4. Current versus time data for a dye-sensitized generator of oxidized bromide held 
at 600 mV vs NHE (black) and collector electrode held at 50 mV vs NHE. The cell was 
illuminated with white light for 1 hour and then held in the dark until the current from both 
electrodes returned to the baseline.  
 
The Faradaic efficiency for H2 production was quantified by gas chromatographic 
headspace analysis in a two-electrode H-cell (Figures 2.13-2.15).  A 94 ± 2% Faradaic 
efficiency was calculated with a H2 production rate of 12 μmol h-1 (Figure 2.5, 2.16). A 
steady-state production of H2 was maintained for the duration of the experiment, highlighting 
the stability and robustness of the cell. To inhibit competitive absorption due to Br3− (Figure 
2.17), a large volume of solution was used. 
 
Figure 2.5. Hydrogen gas evolution at a Pt mesh electrode at the indicated times during 






In summary, a dye-sensitized molecular approach to HBr splitting has been described. 
A new Ru polypyridyl complex, Ru(btfmb)2P, was utilized that was capable of broad solar 
light harvesting, excited state electron injection, and Br− oxidation catalysis in acidic aqueous 
solution.   Kinetic data indicated far superior performance of SnO2/TiO2 core/shell 
mesoporous thin films relative to anatase TiO2 which was indeed realized in 
photoelectrochemical HBr splitting studies. Nearly quantitative Faradaic yields of hydrogen 
gas were produced with a steady rate of production.  These findings are encouraging for 
further molecular level optimization of aqueous HBr as an inexpensive feedstock for H2 solar 
fuel production.  
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2.6 Additional Content 
 
Figure 2.6. Absorption and normalized photoluminescence spectra of Ru(btfmb)2P in 0.1 M 
HClO4 (aq) solution. The MLCT band characteristic of Ru polypyridyl complexes is 





Figure 2.7. Oxidative spectroelectrochemistry of Ru(btfmb)2P|nanoITO working electrode, 
with Pt counter electrode and Ag/AgCl reference electrode (Ag/AgCl = 197 mV vs NHE) in 
1 N HClO4 (aq). Spectral modeling of the fully reduced and fully oxidized spectra revealed 
sigmoidal mole fraction distributions for both the reduced and oxidized species. The fit to the 






Figure 2.8. Cyclic voltammograms of Ru(btfmb)2P|nanoITO in a three-electrode setup 
consisting of Ag/AgCl reference and Pt mesh counter electrodes in 1 N HClO4 (aq) with 
increasing bromide concentrations in the dark. In the absence of bromide, the Ru(btfmb)2P 
E0 (RuIII/II) wave on the surface is observed. As bromide is added, the oxidation wave of 
Ru(btfmb)2P increases, while the returning reduction wave disappears. As the scan 
continues more negative, a cathodic peak grows in, corresponding to the reduction of 
oxidized bromide species that had formed. This peak was not present in the absence of 
bromide. This demonstrates qualitatively bromide electrocatalytic oxidation by the oxidized 






Figure 2.9. Normalized single wavelength nanosecond transient absorption kinetic traces of 
Ru(btfmb)2P|TiO2 (black) and Ru(btfmb)2P|CS (red) with resulting KWW fits (yellow) 
monitored at 400 nm with 532 nm laser-pulse excitation in 1 N HClO4 (aq). With β = 0.25 for 
both traces, kcr = 6.2 x 104 s-1 for TiO2 versus kcr = 2.8 x 102 s-1 for core/shell, a difference of 
two orders of magnitude. 
































Figure 2.10. Single wavelength nanosecond transient absorption kinetic traces of 
Ru(btfmb)2P|TiO2 with increasing bromide concentration in 1 N HClO4 (aq) monitored at 
400 nm with 532 nm laser-pulse excitation, with resulting KWW fits overlaid (black). A β 
value of 0.25 was used for the fit in the absence of bromide and a β value of 0.42 was used 
when bromide was present. A kreg of 4.3 ± 0.3 x 104 M-1 s-1 was calculated, matching within 
error that of Ru(btfmb)2P|CS, demonstrating that the rate of bromide oxidation by individual 





Figure 2.11. Three-electrode H-cell fixed-potential experiments with Ru(btfmb)2P|TiO2 
working electrode, Pt mesh counter electrode, and Ag/AgCl reference electrode (Ag/AgCl = 
197 mV vs NHE) in 1 N HBr (aq). Samples underwent sequential 60s dark/light cycles 
during the experiment. Observed current densities are approximately 6-8 times smaller than 
Ru(btfmb)2P|CS. 
 

















































Figure 2.12. (a) Current versus time trace for Ru(btfmb)2P|CS in a three-electrode H-cell 
configuration under 100 mW cm-2 white light illumination truncated with a 400 nm longpass 
filter in 1 N HBr (aq). Sample was illuminated for 120 s and the resulting current was 
integrated to determine the total charge. (b) Absorption spectrum of an aliquot of solution 
after 120 s of illumination in a 0.20 cm pathlength quartz cuvette. The concentration of Br3− 
was calculated using Beer’s law from the known extinction coefficient at 266 nm. The 
concentration of Br2 present was calculated from the equilibrium constant. The total charge 
was then determined from the known volume of solution used during the experiment. This 





Figure 2.13. Two-electrode H-cell fixed-potential experiments with Ru(btfmb)2P|CS 
working electrode and Pt mesh counter electrode. Samples underwent sequential 60s 








Figure 2.14. Two-electrode H-cell fixed-potential experiments with Ru(btfmb)2P|TiO2 
working electrode and Pt mesh counter electrode. Samples underwent sequential 60s 






Figure 2.15. Comparison of current density 60 s after 100 mW cm-2 white light illumination 
truncated with 400 nm longpass filter for two-electrode H-cell configurations of 









Figure 2.16. Photocurrent response of two-electrode H-cell with Ru(btfmb)2P|CS and Pt 
mesh counter electrode used during H2 evolution quantification experiment by GC. An 
applied bias of 0.6 V vs Pt counter was used during experiment. The Ru(btfmb)2P|CS side 
of the H-cell consisted of a custom-built cell with a solution reservoir in the base. For the 
experiment, 150 mL of 1 N HBr were used to combat competitive absorption due to Br3− 
accumulation. The Pt side of the H-cell consisted of 6.0 mL of 1 N HClO4 in a 14.0 mL total 
volume cell, separated from the other side by a Nafion proton exchange membrane. To 
prevent damage to the GC, HClO4 was used instead of HBr for the hydrogen production half-





Figure 2.17. Absorption spectra of Ru(btfmb)2P|CS slide and aliquots of solution after 30 
minutes (blue) and 60 minutes (red) of running three-electrode H-cell configuration in 4.5 
mL of 1 N HBr (aq) under 100 mW cm-2 white light illumination with 400 nm longpass filter, 
demonstrating clear competitive absorption beyond 400 nm that occurs at longer timescales, 
leading to decreases in photocurrent magnitudes. 
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CHAPTER 3: Optimization of Photocatalyst Excited- and Ground-State Reduction 
Potentials for Dye-Sensitized HBr Splitting2 
 
3.1 Introduction 
Harnessing and utilizing solar light provides the potential for clean, sustainable 
energy that can match the growing energy demands of the planet.1 To maximize its utility, 
storage of solar energy is critical. Catalytic generation of solar fuels is a promising means of 
storing solar energy,2,3 wherein the harvested energy is essentially stored in chemical bonds.4 
Hydrohalic acid (HX) splitting is particularly promising as an inexpensive storage 
mechanism for solar energy.5 Similar to water splitting, HX splitting is the concurrent 
reduction of H+ to H2 and oxidation of X− to X2.  
A promising target is hydrobromic acid (HBr) splitting for solar fuels generation.6–9 
HBr has the largest theoretical solar-to-hydrogen efficiency of all the hydrohalic acids10 and 
the stored energy has been shown to be extracted through combustion,11 high-efficiency fuel 
cells,12–15 or high-performance redox flow batteries.16 HBr splitting can also be coupled to 
water splitting, utilizing the oxidizing equivalents generated in the oxidized bromide species 
to activate water oxidation catalysts, a process known as bromine-assisted water splitting.17   
Previous approaches to HBr splitting have included heterogeneous and homogeneous 
photocatalysts. Heterogeneous photocatalysts displayed significant promise with record 
 
2This chapter was previously published in ACS Applied Materials & Interfaces. Reprinted with permission from 
Brady, M. D.; Troian-Gautier, L.; Sampaio, R. N.; Motley, T. C.; Meyer, G. J. Optimization of Photocatalyst 
Excited- and Ground-State Reduction Potentials for Dye-Sensitized HBr Splitting. ACS Appl. Mater. Interfaces 
2018, 10 (37), 31312-31323. Copyright 2018 American Chemical Society. 
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performances, particularly through the Texas Instruments Solar Energy System.7,8 However, 
stability issues and costs inhibited further development.   
Numerous homogeneous catalytic studies have explored photoinduced bromide 
oxidation, either through halogen reductive photoelimination of dirhodium species,18,19 
platinum complexes,20 platinum-rhodium heterobimetallic species,21 gold(III) centers,22  and 
tellurium.23,24  
Homogeneous catalysts with ruthenium polypyridyl complexes have recently 
demonstrated promising results. Li et al. observed Br− oxidation in acetone using ruthenium 
polypyridyl excited-states.25–27 Additionally, Tsai et al. found ruthenium polypyridyl 
complexes capable of Br− oxidation in acetonitrile after generating Ru(III) through the use of 
a sacrificial oxidant.28,29 While limited success has been achieved in non-aqueous systems, 
there are few examples of molecular catalysts successfully oxidizing Br− in water.30,31 
Molecular heterogeneous photocatalyst approaches such as a dye-sensitized 
photoanode32 combine the robustness of a heterogeneous catalyst with the synthetic 
tunability of a homogeneous catalyst. Perylene diimide aggregates have shown preliminary 
success as molecular heterogeneous aqueous bromide oxidation photocatalysts.33 Previously, 
[Ru(btfmb)2(P)]2+, where btfmb is 4,4’-bis(trifluoromethyl)-2,2’-bipyridine and P is 2,2’-
bipyridyl-4,4’-diphosphonic acid, was reported to exhibit both excited-state electron injection 
into mesoporous semiconductor thin film acceptor states and Br− oxidation by its subsequent 
Ru(III) state.34 To date, this was the most successful dye-sensitized photoelectrosynthesis cell 
(DSPEC) for HBr splitting. 
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Herein, a series of Ru(II) polypyridyl photocatalysts of the general formula 
[RuII(LL)2P]n+, where LL is 2,2’-bipyridine (bpy), 4,4’-bis[(trimethylamino)-methyl]-2,2’-
bipyridine (tmam), btfmb, and 2,2’-bipyrazine (bpz) was prepared to examine how varying 
the redox properties of the surface-bound photocatalysts affects the overall performance of an 
HBr splitting DSPEC (Scheme 1).  




Ruthenium polypyridyl complexes were chosen as photocatalysts for their visible-
light absorption with high extinction coefficients, tunable redox potentials, and acid 
stability.35–38 Increasing the electron-withdrawing capability of the ancillary ligands 
influences both the ground-state and excited-state reduction potential of the photocatalysts, 
making the photocatalyst a more potent oxidant for Br− oxidation but a weaker excited-state 
reductant for excited-state electron injection. Decreasing the electron-withdrawing capability 
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produces the opposite effect. Through synthetic modification, electron injection and bromide 
oxidation conditions were examined and photoelectrochemical cells were tested to determine 
the optimal characteristics of a HBr splitting molecular heterogeneous photocatalyst. 
3.2 Experimental Methods 
 
3.2.1. Materials.  
Diethyl ether (BHT stabilized, certified ACS) was purchased from Fisher Scientific 
and were used as received. Methanol (CHROMASOLV®, ≥ 99.9%) Bromotrimethylsilane 
(97%), alumina (neutral, activated Brockmann I), and perchloric acid (70%, 99.999% trace 
metals basis) were purchased from Sigma-Aldrich and used as received. Acetonitrile 
(Burdick and Jackson, spectrophotometric grade), ethanol (Decon Labs, 200 proof), argon 
(Airgas, 99.999%), hydrobromic acid (Fluka Analytical, purum p.a., ≥ 48%), and sodium 
bromide (J.T. Baker, 99.6%) were used as received. All other reagents and solvents were 
ACS grade and used without additional purification. RuP,39 Ru(btfmb)2P,34 Ru(bpz)2P,40 
[Ru(P)(6-C6H6)(Cl)]Cl41 and tmam42 were prepared according to previous published 
methods. Fluorine-doped tin oxide (FTO) was used as the back contact of the photoelectrodes 
and was purchased from Hartford Glass (15 Ω/sq). SnO2/TiO2 core/shell thin films were 
prepared as previously published.43  
3.2.2. Synthesis of [Ru(tmam)2((PO3H2)2-bpy)]6+.6Br−. (Ru(tmam)2P).  
[Ru(cymene)((PO3Et2)2-bpy)(Cl)] +.Cl− (65 mg, 0.089mmol), AgNO3 (115 mg) and 
tmam ligand (100 mg, 0.169 mmol, 1.9 eq) were place in 15 mL of 1:1 EtOH/H2O. The 
reaction was heated at 150°C in a sealed vessel under microwave irradiation for 25 minutes. 
After reaction, the mixture was cooled to room temperature and was filtered on a fine 
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porosity frit to remove precipitated AgCl. The filtrate was evaporated and purified by size 
exclusion (LH20) column chromatography, using methanol/water 1:1 as the eluent. The 
orange band was collected and evaporated under reduced pressure. 1H NMR and HRMS 
analysis revealed that hydrolysis of several ester groups occurred during reaction. The 
product was dispersed in 10 mL of acetonitrile followed by the addition of 400 µL of 
TMSBr. The reaction was heated at 70°C for 16 hours. The reaction was then brought to 
room temperature and 1 mL of methanol was added. Stirring was continued for 30 minutes 
prior to evaporation under reduced pressure. The residue was triturated in 5 mL of 
acetonitrile, filtered and washed with diethyl ether. The product was obtained an orange 
powder (100 mg, 75%). 1H NMR (500 MHz, D2O) δ 8.84 (m, 4H), 8.75 (d, J = 12.5 Hz, 2H), 
8.04 (d, J = 5.8 Hz, 2H), 7.96 (d, J = 5.8 Hz, 2H), 7.78 (dd, J = 5.7, 3.1 Hz, 2H), 7.64 (d, J = 
5.7 Hz, 2H), 7.59 (m, 4H), 4.70 (d, J = 5.7 Hz, 8H), 3.21 (s, 18H), 3.20 (s, 18H). HRMS 
(ESI) m/z: [M-3H+]3+ for C46H63N10O6P2Ru: 338.44836; Found: 338.44890. 1H NMR and 
HRMS spectra in Figure 3.9. 
3.2.3. UV-Visible Spectroscopy. 
UV-Vis absorption spectra were obtained on an Agilent Cary 60 spectrophotometer at 
room temperature in 1.0 cm path length quartz cuvettes. Unless otherwise stated, the 
solutions were sparged with argon gas for 30 mins prior to photoluminescence studies and 
transient absorption studies. 
3.2.4. Time-Resolved Photoluminescence. 
Time-resolved Photoluminescence (PL) data was acquired on a nitrogen dye laser 
with excitation centered at 445 nm with ~5 μM samples. Pulsed light excitation was achieved 
with a Photon Technology International GL-301 dye laser that was pumped by a PTI GL-
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3300 nitrogen laser. The PL was detected by a Hamamatsu R928 PMT optically coupled to a 
ScienceTech Model 9010 monochromator terminated into a LeCroy Waverunner LT322 
oscilloscope. Decays were monitored at the PL maximum and averaged over 180 scans. 
Time-resolved PL data for the Ru(bpz)2P complex in pH 1 HClO4 (aq) solution was 
collected on an Edinburgh FLS920 Fluorescence Spectrophotometer by the time-correlated 
single photon counting technique (TCSPC). Excitation was achieved with a 444.2 nm diode 
laser (Edinburgh Instruments EPL-445, 73 ps full-width at half-maximum pulse width) 
operated at 20 MHz (0.012 ns/point). The spectral bandwidth of the emission monochromator 
was set to 20 nm. PL was monitored at 640 nm. Emission lifetimes, τobs, were obtained by 
fitting the TCSPC data using the free software DecayFit.44 The emission trace was fit using a 
reconvolution process with the instrument response function (IRF) measured using a 
scattering suspension at the excitation wavelength. 
3.2.5. Steady-State Photoluminescence. 
Steady-state spectra were obtained with a HORIBA Fluorolog spectrophotometer 
equipped with a 450 W Xe arc lamp for the excitation source. PL spectra were obtained at 
room temperature with PL detected at a right angle to the excitation beam in solution and a 
front facing orientation when conducted on a thin metal oxide film. Non-radiative and 
radiative rate constants were calculated from the quantum yields, Φ = kr/(kr + knr) and 
lifetimes, τ = 1/(kr + knr). 
Room temperature photoluminescence (PL) spectra for [Ru(bpz)2P]2+ sensitized to 
ZrO2 thin films were also recorded on an Edinburgh FLS920 Fluorescence 
Spectrophotometer using a 450 W Xenon arc lamp as the excitation source. PL was detected 
at a right angle to the excitation beam using a photomultiplier tube (Hamamatsu 2658P). 
78 
 
Emission spectra were corrected for the instrument’s spectral response. Room-temperature 
spectra were obtained from 1 N HClO4 (aq). 
3.2.6. Spectroelectrochemistry. 
Spectroelectrochemical measurements were performed in a similar manner to those 
previously published.45 A Pine Instruments WaveNow potentiostat at room temperature with 
an Avantes AvaSpec-2048 fiber-optic spectrometer and an Avantes AvaLight-DHc light 
source was utilized. Slides were immersed in 1 N HClO4 (aq) solutions at a 45○ angle in a 1 
cm path length cuvette at saturation surface coverages. Measurements used a standard three-
electrode configuration (working electrode: photocatalyst sensitized to nanoITO on FTO; 
reference electrode: Ag/AgCl (4 M KCl, externally referenced to SCE); counter electrode: Pt 
mesh). The reference electrode was mounted in a Vycor-tipped glass tube with electrolyte to 
avoid chloride contamination. Potentials were applied stepwise at 10 mV/step and held for 30 
s before a scan was taken to ensure electrochemical equilibrium, after which data were 
recorded. Spectra were recorded until changes were minimized. 
3.2.7. Nanosecond Transient Absorption. 
Nanosecond transient absorption measurements were obtained with an apparatus 
which has been previously described.46 Briefly, samples were excited by a Q-switched, 
pulsed Nd:YAG laser (Quantel U.S.A. (Big Sky) Brilliant B; 5-6 ns full width at half-
maximum (fwhm)) tuned to 532 nm with the appropriate nonlinear optics. The excitation 
fluence was measured with a Thor Labs PM100D laser power meter that was typically 3-5 
mJ/pulse. A 150 W Xe arc lamp served as the probe beam and was aligned orthogonal to the 
laser excitation light. The probe lamp was pulsed for measurements on sub-100 μs time 
scales. Detection was achieved with a monochromator (SPEX 1702/04) optically coupled to 
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an R928 photomultiplier tube (Hamamatsu). Transient data was acquired with a computer-
interfaced digital oscilloscope (LeCroy 9450, Dual 330 MHz) with an overall instrument 
response time of ~ 10 ns. Typically, 30 laser pulses were averaged at each observation 
wavelength over the range 390-760 nm at 10 nm intervals. Full spectra were generated by 
averaging 2-10 points on either side of the desired time value to reduce noise in the raw data. 
Single wavelength kinetic traces typically consisted of 90 laser pulses averaged at the 
observed wavelength. 
3.2.8. Photoelectrochemical Cells. 
Photocurrent measurements were performed on a BASi Epsilon potentiostat with a 
standard three-electrode configuration (working electrode: photocatalyst sensitized to 
SnO2/TiO2 core/shell on FTO; reference electrode: Ag/AgCl (4 M KCl, externally referenced 
to SCE); counter electrode: Pt mesh) in a custom-built H-cell with the two half-cells 
separated by a Nafion® proton-exchange membrane. Under white light illumination from a 
Cole Parmer 41720-Series fiber optic illuminator, thin film slides were positioned to receive 
100 mW cm-2 with the light intensity determined with a Coherent Molectron PM 5200 laser 
power detector. A 400 nm longpass filter was used to inhibit direct bandgap excitation of the 
metal oxide layer. The geometric area of the photoanode was used for reporting current 
densities. Unless otherwise stated, solutions were sparged with argon for 30 mins prior to 
running experiment. 
For monochromatic light excitation, a Coherent Genesis MX 460 nm solid state laser 
was utilized as the illumination source with photon output calibrated using a Thor Labs 
PM100D laser power meter. The geometric area of the detector was used for reporting power 
per unit area. 
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For all experiments utilizing an applied potential, a Ag/AgCl reference electrode 
externally calibrated to a SCE electrode (241 mV vs NHE) was used. All potentials are 
reported versus NHE. 
3.3 Results 
The four photocatalysts were synthesized through standard procedures using a 
microwave irradiation technique. Ru(bpz)2P, Ru(btfmb)2P, and RuP were obtained after 
reaction of the corresponding Ru(LL)2Cl2 precursor with 4,4’-diethylphosphonate-2,2’-
bipyridine, followed by bromotrimethylsilane-assisted hydrolysis of the ester substituents. 
The reaction between [Ru(cymene)((PO3Et2)2-bpy)(Cl)]+.Cl−  and tmam, followed by 
TMSBr-assisted hydrolysis yielded the desired Ru(tmam)2P photocatalyst.  
Solution Photophysics. The absorption and photoluminescence spectra of the four 
photocatalysts were recorded in 0.1 M HClO4 (aq) solution (Figure 1). Absorption spectra 
revealed comparable extinction coefficients with characteristic MLCT absorption bands 
centered around 460 nm. Ru(bpz)2P displayed a marginally higher extinction coefficient 
across all measured wavelengths.  
  
Figure 3.1. Absorption spectra and normalized steady-state photoluminescence spectra of 
RuP (green), Ru(tmam)2P (red), Ru(btfmb)2P (blue), and Ru(bpz)2P (black) at room 
temperature in 0.1 M HClO4 (aq) solution. 








































Visible light excitation resulted in room temperature photoluminescence with 
quantum yields (Φ) that ranged between 0.01% and 4.8% in 0.1 M HClO4 aqueous solution 
and excited-state lifetimes of several hundreds of nanoseconds (Table 3.1, Figure 3.10). 
However, Ru(bpz)2P displayed an extremely short lifetime (0.5 ns) and low quantum yield 
(0.0001) in pH 1 water (Figure 3.10d). Interestingly, intense photoluminescence and long-
lived excited-state lifetime were observed for Ru(bpz)2P in methanol or in aqueous solution 
with pH greater than 3 (Figure 3.11). The photophysical properties of the photocatalysts are 
summarized in Table 3.1. 
Table 3.1. Photophysical Properties of Photocatalysts in 0.1 M HClO4 (aq) Solution Unless 
Otherwise Noted. 
Photocatalyst Abs Max (λ 





(x 104 s-1) 
knr 
(x 106 s-1) 
PL 
max (nm) 
RuP 457 (13300) 0.033 300 10.8 3.2 675 
Ru(tmam)2P 466 (16100) 0.048 850 5.6 1.1 636 
Ru(btfmb)2P 460 (16600) 0.021 510 4.1 1.9 640 
Ru(bpz)2P  465 (19000) 0.0001 0.5 20 2000 650 
Ru(bpz)2Pb 465 0.023 650 3.5 1.5 660 
a Determined by comparative actinometry using Ru(bpy)3Cl2 as a standard (Φ = 0.042 in 
water).47,48 b Recorded in methanol. 
  
Surface Photophysics and Electrochemistry. Photophysical properties of the 
surface-bound photocatalysts were also investigated on mesoporous thin films of zirconium 
dioxide (ZrO2) in 1 N HClO4 (aq) solution (Figure 3.2). ZrO2 is an insulator whose wide 
band gap and highly negative conduction band edge prevent light-induced excited-state 
electron injection. Upon surface binding, the MLCT absorption features of the photocatalysts 
remained largely unchanged. Steady-state photoluminescence of thin films of ZrO2 sensitized 
with the photocatalysts in 1 N HClO4 (aq) (Ru(LL)2P|ZrO2) revealed spectra quite similar to 
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those in solution. In all cases, the photoluminescence spectra of surface-immobilized 
photocatalysts were nearly identical to those measured in solution, apart from minor 
broadening of the lower energy edge of the spectra.  
The Gibbs free energy stored in the excited state (ΔGES) was estimated from a linear 
extrapolation of the higher energy edge of the corrected surface-bound PL spectra.49 The 
ΔGES for all photocatalysts varied from 2.09 to 2.16 eV (Table 3.2). Due to the extensive PL 
quenching observed with Ru(bpz)2P in acidic solution (Figure 3.11b), the pH 4 spectrum 
was utilized to estimate its ΔGES.   
 
 
Figure 3.2. Normalized photoluminescence spectra of Ru(tmam)2P|ZrO2 and 
Ru(btfmb)2P|ZrO2 measured at pH 0 and Ru(bpz)2P|ZrO2 at pH 4. 
 
 
Electrochemical measurements were conducted on mesoporous thin films of indium-
doped tin oxide (nanoITO), sintered to fluorine-doped tin oxide (FTO) transparent 
conducting oxide glass. Spectroelectrochemical measurements were conducted to quantify 
the E0 (RuIII/II) reduction potential for the surface-bound photocatalysts. Spectral modeling 






















was employed to fit the spectroelectrochemical data. The sigmoidal behavior was fit to a 
modified Nernstian equation (eq. 3.1): 
𝜒 =
1
1 + 10 ∗ .  
             (3.1) 
where χ is the mole fraction, E is the applied potential and α is the non-ideality factor. The 
potential where equal concentrations of RuII and RuIII were present was taken as E0 (RuIII/II) 
for each surface-bound photocatalyst. The E0 (RuIII/II) for Ru(btfmb)2P was consistent with 
the literature value of 1.67 V vs NHE.34 RuP, Ru(tmam)2P and Ru(bpz)2P, exhibited 
reduction potentials of 1.35, 1.51, and 1.85 V vs NHE, respectively (Figure 3.3 and 3.12). 
Thus, the series examined in the present work displayed a E0 RuIII/II potential range of 500 
mV. Oxidative spectroelectrochemical data coupled with the extinction coefficients of the 
photocatalysts provided surface-bound Δε spectra for each photocatalyst, highlighting the 
characteristic loss of the MLCT absorption band upon oxidation of each photocatalyst 
(Figure 3.13). 
 
Figure 3.3. (a) Absorption spectra of Ru(tmam)2P measured as the potential was stepped 
from 1.2 V to 1.8 V vs NHE.  The inset shows the mole fraction of the two redox states as a 
function of the applied potential. Experiments were conducted in 1 N HClO4 (aq) solution in 
standard three electrode setup with nanoITO-sensitized working electrode, Ag/AgCl 
reference electrode, and Pt mesh counter electrode. (b) Linear sweep voltammograms of 
Ru(tmam)2P|FTO and unsensitized FTO scanned oxidatively with a 10 mV s-1 scan rate in 1 





Excited-state reduction potentials, E0 (RuIII/2+*), were estimated from eq. 3.2 where 
ΔGES was previously calculated, vide supra. The results are summarized in Table 3.2. 
𝐸 𝑅𝑢 ⁄ ∗ = 𝐸 𝑅𝑢 ⁄ − ΔG             (3.2) 
 
Table 3.2. Photophysical and Electrochemical Data for Surface-Bound Photocatalysts in 1 N 
HClO4 Aqueous Solution Unless Otherwise Noted. 




V vs NHE 
E0 (RuIII/2+*) 
RuP 667a 2.09a 1.35 (1.32) -0.74 
Ru(tmam)2P 636 2.16 1.51 (1.51) -0.65 
Ru(btfmb)2P 638 2.15 1.67 (1.68) -0.48 
Ru(bpz)2P b  646 2.10 1.85 (1.74) -0.25 
 a Taken from ref 37. b Recorded in pH 4 HClO4 (aq) solution.  
 
Kinetics. Nanosecond transient absorption measurements were performed on ZrO2 
and SnO2/TiO2 core/shell mesoporous thin films sensitized with one of the four 
photocatalysts. All measurements were carried out in argon-sparged 1 N HClO4 (aq) solution 
to keep the pH consistent with device performance conditions. Pulsed 532 nm excitation 
allowed for light-induced MLCT excitation for all the surface-bound photocatalysts.  
Ground-State/Excited-State Isosbestic Point. Nanosecond transient absorption 
measurements were performed on sensitized ZrO2 mesoporous thin films. All photocatalysts 
displayed a bleach of their respective characteristic MLCT absorption bands after 532 nm 
pulsed-light excitation (Figure 3.14). Increments of 5 nm from 380 to 420 nm revealed a 
ground-state to excited-state isosbestic wavelengths at 405 nm for Ru(tmam)2P and 400 nm 
for Ru(btfmb)2P and Ru(bpz)2P. The short-lived excited-state of Ru(bpz)2P resulted in 
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noticeably smaller signal than Ru(tmam)2P and Ru(btfmb)2P using the same excitation pulse 
energy.  
Injection Quantum Yields and Charge Recombination Kinetics. Nanosecond transient 
absorption was also used to characterize the charge recombination kinetics of the surface-
bound photocatalysts anchored on SnO2/TiO2 core/shell thin films (Ru(LL)2P|CS). All 
photocatalysts exhibited a bleach of the MLCT absorption band from 400 to 500 nm and a 
positive absorption band beyond approximately 600 nm, consistent with excited-state 
electron injection on SnO2/TiO2 core/shell thin films that had previously been observed with 
RuP.50 This resulted in surface-bound oxidized photocatalysts and photo-injected electrons in 
the acceptor states of the mesoporous thin film (Figure 3.4, 3.15).  For all photocatalysts, the 
appearance of the oxidized photocatalysts could not be time-resolved, consistent with a 
subnanosecond electron injection, kinj > 108 s-1. 
 
Figure 3.4. Transient absorption difference spectra of Ru(tmam)2P|CS in argon-sparged 1 N 
HClO4 (aq) solution measured at the indicated delay times after pulsed 532 nm excitation. 
The inset represents the transient absorption difference spectra for Ru(tmam)2P|CS, 
Ru(btfmb)2P|CS, and Ru(bpz)2P|CS measured 1 μs after pulsed-light excitation.  
 















































Injection quantum yields (Φinj) were quantified 30 ns after pulsed light excitation (eq. 






























× Φ (ref)         (3.3) 
 
 
In eq. 3.3, ΔA(λp) is the absorption change at the probe wavelength λp, Δε is the 
molar extinction coefficient difference between the ground and oxidized states, and 
1−10−A(λex) is the absorptance calculated from the absorbance at the excitation wavelength 
A(λex) (Figure 3.16). Samples were excited with pulsed 532 nm light (3.5 mJ/pulse) and 
probed at their ground-state/excited-state isosbestic points. The experimental data and 
calculated Φinj are gathered in Table 3.5, which determined Φinj = 1 for RuP|CS, 0.77 for 
Ru(tmam)2P|CS, 0.59 for Ru(btfmb)2P|CS, and 0.09 for Ru(bpz)2P|CS. 
Charge recombination kinetics were monitored at the ground-state/excited-state 
isosbestic point near 400 nm for each photocatalyst on SnO2/TiO2 core/shell thin films. The 
low Φinj of Ru(bpz)2P|CS prevented useful kinetic analysis of the charge recombination. For 
RuP|CS, Ru(tmam)2P|CS, and Ru(btfmb)2P|CS, the transient data were nonexponential, but 
were accurately modeled by the Kohlrausch-Williams-Watts (KWW) stretched exponential 
function (eq. 3.4) where A0 is the initial transient absorption amplitude, kobs is the 
characteristic rate constant, and β is inversely proportional to the width of an underlying 
Lévy distribution. 
Abs(t) = A e ( )           (3.4) 
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Representative averaged rate constants (kKWW), calculated as the first moment in the 







              (3.5) 
The transient data monitored at the ground-state/excited-state isosbestic point 
reported on the kinetics of the oxidized photocatalyst on the surface after light-induced 
excited-state electron injection. A β = 0.25 value provided the best fit for RuP|CS, 
Ru(tmam)2P|CS, and Ru(btfmb)2P|CS. The average charge recombination rate constants kcr, 
calculated from kKWW, were determined to be 5.2 x 102 s-1, 8.9 x 102 s-1, and 2.8 x 102 s-1 for 
RuP|CS, Ru(tmam)2P|CS, and Ru(btfmb)2P|CS, respectively. While not identical, all three 
displayed kcr on the same order of magnitude consistent with those observed on other 
SnO2/TiO2 core/shell thin films.  
Regeneration of Photocatalyst via Bromide Oxidation. Photocatalyst regeneration via 
bromide oxidation was investigated through bromide titrations. By monitoring at the same 
isosbestic point with bromide titrations, the rates of bromide oxidation were quantified. The 
kinetic traces were modeled using the KWW function to determine the second order rate 
constant for regeneration (kreg). Previous studies with Ru(btfmb)2P|CS revealed a second-
order rate constant of kreg = 4.3 x 104 M-1 s-1 with β = 0.62.34  
When a 5 M NaBr 1 N HClO4 (aq) solution was titrated into a 1 N HClO4 (aq) 
Ru(tmam)2P|CS solution, the increased bromide concentration resulted in faster regeneration 
(Figure 3.5). The kinetic data were fit to the KWW function, with β = 0.55 providing the 
best fit. The residuals of the fits are found in Figure 3.17. The resultant kKWW values were 
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plotted versus bromide concentration (Figure 3.5, inset), and the slope provided a second-
order rate constant of kreg = 4.4 x 103 M-1 s-1, approximately one order of magnitude smaller 
than that of Ru(btfmb)2P|CS.  
 
  
Figure 3.5. Single wavelength absorption changes monitored at 405 nm after pulsed 532 nm 
excitation of Ru(tmam)2P|CS in argon-sparged 1 N HClO4 (aq) with the indicated bromide 
concentrations. Overlaid in black are fits to the KWW function. The inset shows the average 
rate constants (kKWW) versus bromide concentration with a best fit line slope of kreg = 4.4 x 
103 M-1 s-1. Increased signal-to-noise was observed at longer timescales, but the different 
time regimes overlaid well.  
 
 
A similar bromide titration was conducted with Ru(bpz)2P|CS, but kinetic analysis 
was limited due to minimal excited-state electron injection, and thus minimal charge-
separated states (Figure 3.18a). Ultimately, titrations were conducted while monitoring at 
460 nm, as the Δε for Ru(bpz)2P is greater there than at its isosbestic point (Figure 3.13). 
Upon pulsed 532 nm light excitation (7.5 mJ/pulse), a large bleach was observed that 
decayed rapidly, indicative of Ru(bpz)2P excited-state present on the surface (Figure 3.14). 
After 50 ns, over 90% of the initial signal was lost, which was consistent with its low Φinj. In 
the presence of bromide, this signal rapidly returned to baseline, suggesting rapid 
regeneration of the Ru(bpz)2P photocatalyst via bromide oxidation, but the single wavelength 
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absorption changes could not be accurately modeled by the KWW function. The second 
order rate constant for Ru(bpz)2P|CS was estimated from the single wavelength absorption 
changes at 1 M bromide concentration, which gave an estimated kreg = 5 x 106 M-1 s-1. For 
RuP on SnO2/TiO2 core/shell, the single wavelength absorption changes were normalizable 
throughout all bromide concentration, indicative of very limited bromide oxidation. A value 
of 2 x 101 M-1 s-1 was estimated, but this fell within the error of the KWW fit (Figure 3.18b, 
3.18c).  
Photocatalyst regeneration efficiencies (Φreg) for each photocatalyst were calculated 
from eq. 3.6 in 1 M bromide. 
Φ =
𝑘 [Br ]
𝑘 [Br ] + 𝑘
      (3.6) 
Coupled with Φinj, the total quantum efficiency for bromide photo-oxidation (Φtotal) at 
open-circuit conditions was determined as Φtotal = Φinj*Φreg. The findings are summarized in 
Table 3.3. 
Table 3.3. Open-Circuit Bromide Photo-Oxidation Kinetics for Each Photocatalyst.a  
Photocatalyst kcr  
(102 s-1) 
kreg  
(104 M-1 s-1) 
Φinj Φreg Φtotal 
RuP 5.2 0.002 1.0  0.037 0.037 
Ru(tmam)2P 8.9 0.44 0.77 0.83 0.64 
Ru(btfmb)2P 2.8 4.3 0.59 0.99 0.58 
Ru(bpz)2P 5.6 5 x 102 0.09 1.0 0.09 
a Uncertainty reflected in last value. 
 
From these calculations, Ru(tmam)2P was expected to perform best for dye-sensitized 




Device Performance. Photocurrent experiments were conducted in a three-electrode 
setup with the dye-sensitized thin film photoanode separated from the Pt mesh cathode by a 
Nafion proton-exchange membrane. Photocurrent responses from sequential dark/light 
illumination cycles in 1 N HBr (aq) solution under fixed applied potential are shown in 
Figure 3.6 and Figure 3.19. Light excitation resulted in strong photocurrent responses from 
RuP, Ru(tmam)2P, and Ru(btfmb)2P, and minor ones from Ru(bpz)2P, with highly 
reproducible signatures for all photocatalysts. Initial photocurrent spikes were followed by 
decay to steady-state photocurrents. 
 
   
Figure 3.6. (a) Three one-minute light-on/light-off current responses of RuP|CS (green), 
Ru(tmam)2P|CS (red), Ru(btfmb)2P|CS (blue), and Ru(bpz)2P|CS (black) with 100 mW cm-2 
white light illumination under 0.6 V vs NHE applied potential in 1 N HBr (aq). The inset 
highlights the current density achieved by Ru(bpz)2P|CS. (b) Current density magnitudes 
measured after 1 min of illumination for RuP|CS (green), Ru(tmam)2P|CS (red), 
Ru(btfmb)2P|CS (blue), and Ru(bpz)2P|CS (black) as a function of applied potential.  
 
 
The photocurrent magnitudes increased significantly beyond 0.4 V vs NHE applied 
potential. Ru(btfmb)2P|CS displayed higher photocurrent magnitudes across all applied 
potentials, sustaining current densities as high as 1.5 mA cm-2. Ru(tmam)2P|CS and RuP|CS 
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also displayed reasonably high photocurrent magnitudes, sustaining currents of 1.0 mA cm-2 
and 0.75 mA cm-2, respectively, at 0.6 V vs NHE applied potential. The Ru(bpz)2P|CS 
however displayed only minimal sustained photocurrents of 6 μA cm-2.  
IPCE/APCE. Single wavelength steady-state excitation (460 nm) was used to 
calculate incident photon-to-electron conversion efficiency (IPCE) and absorbed photon-to-
current conversion efficiency (APCE) values for the four surface-bound photocatalysts 
approximately at the MLCT absorption maximum for each photocatalyst with an applied 
potential of 0.6 V vs NHE. Excitation with 22 mW cm-2 460 nm light resulted in measurable 
photocurrents for all four photocatalysts (Figure 3.20). The ratio of incident photons to 
photocurrent electrons determined the IPCE. The absorbance of each photoelectrode at 460 
nm (Figure 3.21) was converted to absorptance such that absorptance = 1−10(−A), and this 
then determined the APCE. The results are summarized in Table 3.4 and Table 3.6. 
Table 3.4. The Incident, Absorbed, and Faradaic Efficiencies Recorded for the Sensitized 
Core/Shell Materials.a  
 RuP Ru(tmam)2P Ru(btfmb)2P Ru(bpz)2P 
IPCE 8.3 ± 1.7% 7.0 ± 0.3% 11.3 ± 0.6% 0.10 ± 0.01% 
APCE 9.7 ± 2.0% 9.2 ± 0.4% 14.2 ± 0.8% 0.13 ± 0.02% 
FE 51 ± 5% 70 ± 4% 81 ± 5% 54 ± 35% 
a 460 nm excitation.  
Faradaic Efficiency. The Faradaic efficiencies for each photocatalyst were 
determined spectroscopically by comparing the ratio of electrons measured during 
photocurrent measurements to the electrons stored in newly-formed Br-Br bonded species. 
The proposed mechanism for bromide oxidation by Ru polypyridyl photocatalysts consists of 
a net two-photon process to produce one molecule of photoproduct (see Discussion). The two 
photoproducts formed in 1 N HBr (aq) solution are tribromide (Br3−) and bromine (Br2), 
which exist in equilibrium as given by eq. 3.7.15 
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Br + Br ⇌ Br             𝐾 = 16          (3.7)   
Using the known extinction coefficient of Br3− (ε(266 nm) = 40900 M-1 cm-1)55 and 
Equation 7, the total photoproduct concentrations was then calculated. The concentration of 
Br2 present could not be determined spectroscopically due to its low extinction coefficient in 
water (ε(390 nm) = 175 M-1 cm-1).55 Thin film photoanodes immersed in a known volume of 
1 N HBr (aq) solution were illuminated with 460 nm steady-state illumination for fixed 
periods of time in the three-electrode, two cell setups described earlier, producing stable 
photocurrents (Figure 3.22). After illumination, an aliquot of solution was removed and its 
absorption spectrum was measured (Figure 3.23). Samples only produced quantifiable Br3− 
when a sample was illuminated. Additionally, unsensitized SnO2/TiO2 core/shell film 
samples under illumination and applied potential also did not produce quantifiable Br3− 
(Figure 3.24). Comparing the ratio of oxidized bromide photoproducts to the total charge 
passed during illumination, Faradaic efficiencies of 51 ± 5%, 70 ± 4%, 81 ± 5%, and 54 ± 
35% were observed for RuP, Ru(tmam)2P, Ru(btfmb)2P, and Ru(bpz)2P respectively (Table 
3.4). This value was slightly higher than that previously reported for Ru(btfmb)2P.34 For 
Ru(bpz)2P, the low concentration of Br3− observed coupled with minimal photocurrent 
magnitudes invoked greater error in the calculation. 
Varying Solution Conditions. The photocurrent magnitudes for RuP were inversely 
affected by bromide and acid concentrations (Figure 3.25a). Injection quantum yields 
decreased from 1 to 0.65 in going from pH 0 to pH 5.6 for RuP. Additionally, Ru(btfmb)2P 
displayed minimal sustained photocurrents in pH 5.6 acetate buffer solution, regardless of 
bromide concentration (Figure 3.25b). For Ru(bpz)2P, there was no measurable excited-state 




A study of dye-sensitized HBr splitting by a series of four ruthenium polypyridyl 
photocatalysts with reduction potentials that spanned 500 mV revealed a delicate interplay 
between bromide oxidation capabilities and excited-state electron injection yields. 
Photocatalysts that were potent photoreductants displayed excited-state injection quantum 
yields near unity yet with minimal bromide oxidation. In contrast, photocatalysts that were 
potent oxidants displayed rapid nanosecond bromide oxidation kinetics, but with minimal 
injection quantum yields. This chapter provides insights into the factors governing surface-
bound molecular heterogeneous catalytic aqueous bromide oxidation towards dye-sensitized 
HBr splitting and bromine-assisted water splitting. Below we discuss in more detail the 
electrochemistry, interfacial electron transfer kinetics, and photoelectrochemical cell 
performance.  
Ground- and Excited-State Reduction Potentials. Ground-state reduction potentials 
for each photocatalyst were determined through spectroelectrochemistry utilizing thin films 
of nanoITO rather than the SnO2/TiO2 core/shell thin films due to the increased conductivity 
of the highly-doped material.56 The E0 (RuIII/II) were larger when the electron-withdrawing 
ability of the ligands was increased, as the RuIII oxidation state is further destabilized due to 
the decreased electron density. This allowed for a range of 500 mV (1.35-1.85 V vs NHE) 
between E0 (RuIII/II) of the series of photocatalysts. Additionally, the non-ideality factor from 
the modified Nernstian equation fit also increased as E0 (RuIII/II) increased, which ranged 
from 1.32 to 1.74. The increase in non-ideality may be due to decreasing stability of the RuIII 
oxidation state as the photocatalysts become more electron deficient. Ideally, the E0 (RuIII/II) 
for the surface-bound photocatalyst would be greater than the one-electron Br●/− reduction 
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potential (1.92 V vs NHE)57 to allow for thermodynamically favorable electron transfer. Such 
a target is nonetheless challenging to achieve through synthetic modifications of Ru 
polypyridyl complexes. However, as has been previously shown, a E0 (RuIII/II) within several 
hundred mV of the Br●/− reduction potential can allow for thermodynamically uphill 
processes to occur when back electron transfer reactions are kinetically inhibited.34 
Excited-state reduction potentials were calculated by estimating the ΔGES from 
steady-state surface-bound PL spectra. Due to the extensive quenching observed with 
Ru(bpz)2P in acidic solution, the spectra in pH 4 aqueous solution was utilized to estimate its 
ΔGES. Ru(bpz)2P also displayed significant excited-state quenching in acidic water in 
solution. This phenomenon was attributed to excited-state protonation of the bipyrazine 
ligands.58–61 
The density of electronic states of the SnO2/TiO2 core/shell acceptor states were 
quantified using a previously described method (Figure 3.7).34,62–64 The density of 
SnO2/TiO2 core/shell acceptor states was found to increase exponentially as the Fermi-level 
was raised towards the vacuum level, similar to that observed in TiO2 thin films63 and 
consistent with previously reported SnO2/TiO2 core/shell thin films.65 The chemical 
capacitance distribution, or density of states (DOS), of each surface-bound photocatalyst is 
proportional to the derivative of the modified Nernstian equation, representative of Nernstian 
redox chemistry, albeit with the included non-ideality factor that was required to accurately 
model the spectroelectrochemical data (eq. 3.8). 








             (3.8) 
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The eq. 3.8, where Abs(λ) is the absorbance of the sensitized thin film electrode at a 
given wavelength, F is Faraday’s constant, and ε(λ) is the extinction coefficient at the same 
wavelength, was also used to calculate the distribution of the excited-state reduction 
potential, E0 (RuIII/2+*). Thus, the distribution was assumed to be the same as that of the 
ground state but shifted to the more negative potentials of E0 (RuIII/2+*). The magnitudes of 
the chemical capacitances are proportional to the surface coverages of the surface-bound 
species.  
  
Figure 3.7. Densities of states (DOS) of the ground (E0 (RuIII/II)) and excited (E0 (RuIII/2+*)) 
states of the four photocatalysts evaluated in this study, with the SnO2/TiO2 core/shell 
acceptor states in pH 0 (solid) and pH 5.6 (dotted) and the one-electron E0 (Br●/−) reduction 
potential. Included are excited-state electron injection rate constant (kinj), the charge 
recombination rate constant (kcr), and the second-order regeneration rate constant (kreg).   
 
 
Smaller energetic spacing between the ground-state density of states of a Ru 
photocatalyst and the Br●/− reduction potential allowed for faster bromide oxidation kinetics, 
while greater overlap with the interface acceptor states allowed for faster excited-state 
electron injection. If electron injection can outcompete relaxation pathways, then greater 
injection quantum yields can be achieved. Because the ΔGES was nearly identical for each 
photocatalyst, varying by only 0.07 eV across the entire series of photocatalysts, the spacing 










































of the excited-state density of states distributions nearly matches that of the ground-state 
distribution spacings. 
Interfacial Electron Transfer Kinetics. The photophysical properties reported are 
characteristic of complexes with low-lying metal-to-ligand charge-transfer (MLCT) excited 
states that are formally characterized as an oxidized metal center and an electron localized on 
a single diimine ligand. The excited-state electron localizes on the most easily reduced ligand 
on time scales relevant to these studies.66,67 For these photocatalysts, the electron localizes on 
P for RuP, tmam for Ru(tmam)2P, btfmb for Ru(btfmb)2P, and bpz for Ru(bpz)2P. 
Upon pulsed-light excitation of the MLCT absorption band of the surface-bound 
photocatalysts, absorption of a photon produces excited-state photocatalyst. This species can 
then undergo excited-state electron injection into the acceptor states of the thin film, resulting 
in a charge-separated state consisting of oxidized ruthenium photocatalyst and an electron in 
the thin-film acceptor states. This process typically occurs on the order of picoseconds.68 
The injection quantum yields were quantified 30 ns after pulsed laser excitation 
through comparative actinometry. The Φinj followed the trend of E0 (RuIII/2+*) and that 
predicted by the density of states, with the strongest photoreductant, RuP, having the largest 
Φinj (1.0), followed by Ru(tmam)2P (0.77), Ru(btfmb)2P (0.59), and Ru(bpz)2P (0.09). The 
low injection quantum yield of Ru(bpz)2P was due to a combination of its low E0 (RuIII/2+*) 
and short excited-state lifetime in acidic solution, as there is greater kinetic competition 
between excited-state electron injection and relaxation pathways. Additionally, other than 
RuP, the photocatalysts exhibited remote injection, or excited-state electron injection from a 
localized ligand not directly coordinated to the metal oxide surface. While significant Φinj can 
still be achieved via remote injection, a decrease in Φinj when compared to adjacent injection 
97 
 
has been previously observed.69 Still, Φinj as high as 0.77 was observed for a photocatalyst 
that underwent remote injection. 
There was not a clear dependence of kcr on E0 (RuIII/II) as the charge recombination 
rate constant of RuP, Ru(tmam)2P, Ru(btfmb)2P, and Ru(bpz)2P were all on the same order 
of magnitude. All calculated kcr were on the order of 102 s-1, which allowed for 
thermodynamically uphill, kinetically slow bromide oxidation processes to occur. 
Average rate constants (kKWW) increased linearly with bromide concentration for 
Ru(tmam)2P and Ru(btfmb)2P, and the slope provided a second-order rate constant kreg of 4.4 
x 103 M-1 s-1 and 4.3 x 104 M-1 s-1, respectively. The 160 mV greater E0 (RuIII/II) of 
Ru(btfmb)2P (1.51 vs 1.67 V vs NHE) resulted in an order of magnitude larger kreg. A very 
weak trend with RuP for slow bromide oxidation may be present, but a second-order rate 
constant could not be resolved from the experimental error. This was consistent with the 
unfavorable energetics for bromide oxidation, as E0 (RuIII/II) = 1.35 and E0 (Br●/−) = 1.92 V 
vs NHE, and is in disagreement with recently reported results.17 The low injection yield for 
Ru(bpz)2P precluded accurate kinetic analysis, but an estimated kreg of 5 x 106 M-1 s-1 was 
consistent with kreg increasing with E0 (RuIII/II). The E0 (RuIII/II) for Ru(bpz)2P is 180 mV 
greater than E0 (RuIII/II) of Ru(btfmb)2P (1.85 vs 1.67 V vs NHE), and this in turn resulted in 
kreg being two orders of magnitude greater than Ru(btfmb)2P.  
Photoelectrochemical Cell Performance. The transient spectra described above were 
performed at open circuit in the absence of a counter electrode. It was therefore of great 
interest to see whether the observed trends remained consistent in photoelectrochemical cells. 
Dye-sensitized photoelectrosynthesis cells were evaluated under both white light and 
monochromatic illumination. Light excitation of the sensitized thin films resulted in strong 
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photocurrent responses with highly reproducible signatures. Initial photocurrent spikes, a 
result of the combination of electrode polarization and rapid excited-state electron injection, 
were followed by decay to steady-state photocurrents. When the light was switched off, small 
cathodic currents were observed, likely due to either electrons recombining to oxidized 
photocatalysts on the surface, electrons recombining to oxidized bromide photoproducts, 
capacitive currents from the depolarization of the electrodes, or a combination of all of these 
processes. Were this the result of recombination to the oxidized photocatalysts on the 
surface, this would suggest that bromide oxidation is the rate determining step, as there is an 
excess of oxidized photocatalysts accumulated on the surface. The photocurrent magnitudes 
increased significantly for all photocatalysts with more positive applied potentials, most 
dramatically with potentials > 400 mV vs NHE. For all applied potentials, Ru(btfmb)2P 
produced the highest photocurrents, followed by Ru(tmam)2P, RuP, and then Ru(bpz)2P 
(Figure 3.6). This differed from the calculated open-circuit quantum efficiencies (Φtotal, 
Table 3.3), which predicted that Ru(tmam)2P would yield the highest performance. 
Incident-photon-to-current efficiencies (IPCE) and absorbed-photon-to-current 
efficiencies (APCE) were measured with an applied potential of 0.6 V vs NHE. The results 
mirrored those of the white-light illumination, with Ru(btfmb)2P displaying both the largest 
IPCE (11.3 ± 0.6%) and APCE (14.2 ± 0.8%), despite displaying a lower Φ total. In an 
operating device under applied potential, bromide oxidation kinetics appeared to dominate 
overall cell performance. Comparing Ru(btfmb)2P to Ru(tmam)2P, the order of magnitude 
greater kreg and larger Φreg appeared to dominate the cell performance, despite the higher Φinj 
of Ru(tmam)2P. However, despite the greater kreg of Ru(bpz)2P, its lower Φinj hindered cell 
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performance, preventing sufficient photocurrent magnitudes that could not be overcome with 
an applied potential alone.  
Interestingly, RuP displayed a greater IPCE and APCE than Ru(tmam)2P, despite its 
kreg being too small to be determined experimentally. The higher Φinj of RuP in this case 
appeared to dominate these measurements. Thus, one factor alone, such as kreg, Φreg, or Φinj 
cannot predict the overall cell performance. There exists a balance between these parameters. 
Faradaic efficiency calculations assumed a net two-photon process consisting of two 
one-electron transfer processes between a bromide molecule and an oxidized surface-bound 
chromophore. After photon absorption and excited-state electron injection, a surface-bound 
Ru(III) species undergoes a one-electron reduction via bromide oxidation, resulting in 
regeneration of the Ru(II) photocatalyst, and produces a bromine radical (Br●) (eq. 3.9). In 
the presence of excess bromide, Br● rapidly reacts to form dibromide (Br2●−) (eq. 3.10).57 
Upon formation of an additional Br2●−, these species undergo rapid disproportionation 
chemistry to form tribromide (Br3−) and bromide (eq. 3.11).70 Br3− exists in equilibrium with 
Br2 (eq. 3.7), with the formation of a single molecule of oxidized bromide photoproduct 
(Br3−/Br2) requiring net two photons. 
Ru(III) + Br → Ru(II) + Br⦁     𝑘 = 𝑘                        (3.9) 
Br⦁ + Br ⇌ Br⦁      K = 1.1 × 10  M                         (3.10) 
Br⦁ + Br⦁ → Br + Br      𝑘 = 2 × 10  M  s       (3.11) 
Faradaic efficiency calculations revealed Ru(btfmb)2P as the highest (81 ± 5%), 
followed by Ru(tmam)2P (70 ± 4%), Ru(bpz)2P (54 ± 35%), and RuP (51 ± 5%). Apart from 
Ru(bpz)2P, the Faradaic efficiency followed the trend of kreg for bromide oxidation. For 
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Ru(bpz)2P, the lower calculated Faradaic efficiency is likely due to the greater error 
associated with calculating the Br3− concentration, as there was significantly less 
photoproduct formed during the experiments as well as minimal photocurrents measured.  
Higher pH electrolytes were expected to raise the energy levels of the core/shell metal 
oxide acceptor states to more negative potentials, consistent with Nernstian behavior that has 
been observed with both TiO2 nanoparticles71,72 and SnO2/TiO2 core/shell thin films.65 Indeed 
the excited-state injection quantum yields were lower at pH 5.6 than at pH 0 for RuP. Thus, 
under the same illumination, decreased photocurrents were observed. A similar effect was 
observed when the concentration of bromide was decreased. As the regeneration efficiency is 
dependent on bromide concentration (eq. 3.6), decreasing the bromide concentration 
decreased Φreg, which resulted in smaller photocurrent magnitudes. For Ru(btfmb)2P the Φinj 
was greatly decreased in pH 5.6, which prevented the accumulation of significant quantities 
of RuIII for bromide oxidation. This in turn inhibited photocurrent production. Similarly, Φinj 
was 0 for Ru(bpz)2P in pH 5.6, as it is an even weaker photoreductant than Ru(btfmb)2P. 
Understanding the interplay between injection quantum yields and bromide oxidation 
kinetics is crucial for dye-sensitized bromide photo-oxidation. An increase in the driving 
force for bromide oxidation was directly correlated with lower electron injection efficiency 
because the photocatalyst was a weaker photoreductant (Figure 3.8a). Interestingly, the 
photoelectrochemical cells that performed best were those that compromised between 





Figure 3.8. (a) Second-order rate constant for bromide oxidation versus E0 (RuIII/II) (red) and 
injection quantum yield versus E0 (RuIII/2+*) (blue), highlighting the tradeoff between 
injection efficiency versus bromide oxidation kinetics. (b) Regeneration efficiency (Φreg, 
red), injection quantum yield (Φinj, blue), and APCE (green) versus E0 (RuIII/II). Maintaining 
near-unity regeneration efficiency without sacrificing significant injection quantum yield is 
critical for optimal cell performance. 
 
The Φtotal (Table 3.3) determined from open-circuit nanosecond transient absorption 
data did not predict the photocatalyst that yielded the best photoelectrochemical cell 
performance. Under applied potential full device conditions, the greater Φreg of Ru(btfmb)2P 
appeared to dominate cell performance. Bromide oxidation appeared to be the rate 
determining step of the overall device. Thus, the order of magnitude larger kreg of 
Ru(btfmb)2P versus Ru(tmam)2P and larger Φreg led to greater overall device efficiency. This 
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also appeared to play a significant factor in why Ru(btfmb)2P performed greater than RuP as 
well. However, Ru(bpz)2P, with the largest kreg and Φreg of the series, gave the lowest overall 
cell performances due to its short excited-state lifetime and more positive E0 (RuIII/2+*). 
Injection quantum yields greater than 0.09 are required for significant sustained 
photocurrents. The highly acidic conditions of these studies utilized to lower the acceptor 
states of the SnO2/TiO2 core/shell acceptor states greatly hindered the performance of 
Ru(bpz)2P due to excited-state quenching. Other strategies to generate oxidized Ru(bpz)2P 
through light excitation are currently being explored.  
3.5 Conclusions 
A series of four Ru polypyridyl photocatalysts with carefully tuned ground- and 
excited-state reduction potentials spanning 500 mV were examined for HBr splitting on 
SnO2/TiO2 core/shell photoelectrodes in aqueous solutions. Injection quantum yields 
decreased with more positive E0 (RuIII/2+*), while bromide oxidation rate constants increased 
with more positive E0 (RuIII/II). The photocatalyst that exhibited the best 
photoelectrochemical cell performance was neither the most potent oxidant nor 
photoreductant of the series. Rather, the dominant photocatalyst, Ru(btfmb)2P, exhibited a 
balance between both properties; an oxidant potent enough for near unity regeneration 
efficiency (Φreg = 0.99) and a photoreductant potent enough for significant excited-state 
electron injection (Φinj = 0.59). Overall, the efficiency of these HBr splitting photoelectrodes 
relied on three key parameters: (1) the large bromide concentration that maximizes Φreg; (2) 
the delicate interplay between the ground- and excited-state reduction potentials of the 
photocatalyst; (3) the position of the SnO2/TiO2 core/shell thin film acceptor states that are 
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adequately shifted in very acidic solutions to maximize Φinj. These findings are encouraging 
for further development of aqueous HBr splitting and bromine-assisted water splitting.  
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Figure 3.9. (a) 1H NMR spectrum of Ru(tmam)2P recorded in D2O at 298K and 500 MHz. 
(b) HRMS spectrum of Ru(tmam)2P from 150-2000 m/z. (c) HRMS spectrum of Ru(tmam)2P 
from 335 to 342.5 m/z.  
 
 
Figure 3.10. Time-resolved PL kinetic traces with overlaid exponential fits for (a) 
Ru(btfmb)2P in pH 1 HClO4 (aq), (b) Ru(tmam)2P in pH 1 HClO4 (aq), (c) Ru(bpz)2P in 






Figure 3.11. (a) Normalized solution PL of Ru(bpz)2P in pH 4 HClO4 (aq) and methanol 
solutions. (b) Steady-state PL spectra of Ru(bpz)2P bound to ZrO2 at various acid 
concentrations, displaying significant quenching below pH 3 and almost completely 
quenched PL by pH 1.  
 
 




Figure 3.12. Oxidative spectroelectrochemical spectra for (a) RuP, (b) Ru(btfmb)2P, and (c) 
Ru(bpz)2P in 1 N HClO4 (aq) solution in three electrode setups with nanoITO working 
electrode, Ag/AgCl reference electrode, and Pt mesh counter electrode with modified 
















Figure 3.14. Surface-bound excited-state Δ absorbance spectra for (a) Ru(tmam)2P, (b) 






























Figure 3.15. Transient absorption difference spectrum of (a) Ru(btfmb)2P|CS and (b) 
Ru(bpz)2P|CS in 1 N HClO4 (aq) solution measured at the indicated time delays after pulsed 





Figure 3.16. Absorption spectra of SnO2/TiO2 core/shell electrodes dyed with each complex 
utilized for injection quantum yield calculations.  
 
 
Table 3.5. Experimental Data Acquired for Injection Quantum Yield Calculation 
Complex ΔA(λp) (x10-3) Δε (M-1 cm-1) A(λex) Φinj 
RuP -20.0 -5000 0.208 1 
Ru(tmam)2P -7.7 -3600 0.133 0.77 
Ru(btfmb)2P -5.2 -4300 0.093 0.59 








Figure 3.17. The residuals of the fits to the KWW function for the absorption changes 
observed for Ru(tmam)2P|CS with (a) 0 M, (b) 0.5 M, (c) 1.0 M, (d) 1.5 M, (e) 2.0 M, and (f) 





Figure 3.18. (a) Single wavelength absorption changes of Ru(bpz)2P on SnO2/TiO2 core/shell 
thin film monitored at 460 nm after 532 nm pulsed excitation. The inset highlights rapid 
disappearance of signal after 100 ns in the presence of bromide. (b) Single wavelength 
absorption changes of RuP on SnO2/TiO2 core/shell thin film monitored at 400 nm with 
increasing bromide concentrations. Overlaid in black is the fit to the KWW function. (c) The 








Figure 3.19. Three light-on/light-off current responses of (a) RuP, (b) Ru(tmam)2P, (c) 
Ru(btfmb)2P, and (d) Ru(bpz)2P SnO2/TiO2 core/shell thin film photoanodes at varying 






     
Figure 3.20. Photocurrents measured during 1 minute of illumination with 22 mW/cm2 460 
nm steady-state light excitation at 0.6 V vs NHE applied potential for (a) RuP, (b) 





Figure 3.21. Absorption spectra of complex-sensitized thin film photoanodes evaluated for 









Table 3.6. Sample of experimental data acquired to calculate IPCE and APCE.  
 RuP Ru(tmam)2P Ru(btfmb)2P Ru(bpz)2P 
Photocurrent Electrons (x 1018) 0.241 0.175 0.239 0.0022 
Incident Photons (x 1018) 1.53 1.53 1.53 1.53 
Absorbed Photons (x 1018) 1.30 1.17 1.21 1.17 
Area (cm2) 1.55 1.62 1.33 1.43 
IPCE 10.1% 7.0% 11.7% 0.10% 






Figure 3.22. Representative photocurrent responses for faradaic efficiency calculations with 
0.6 V vs NHE applied potential for (a) RuP, (b) Ru(tmam)2P, (c) Ru(btfmb)2P, and (d) 





Figure 3.23. UV-visible absorption of the solutions after 1 min (RuP, Ru(tmam)2P, and 
Ru(btfmb)2P) or 2 min (Ru(bpz)2P) of illumination of complex-sensitized photoanode used 
for computation of Faradaic efficiencies, highlighting absorption of Br3− (40900 M-1 cm-1 at 
266 nm).   
 
 
Figure 3.24. (a) Cyclic voltammogram of Ru(btfmb)2P|CS in the dark, with (b) subsequent 
absorbance spectrum of aliquot of solution. The inset highlights the lack of the absorbance 
feature of Br3−. (c) One five-minute current response of unsensitized SnO2/TiO2 core/shell 
slide with 100 mW cm-2 white light truncated with a 400 nm longpass filter under 0.6 V vs 
NHE applied potential. The 2 μA cm-2 current density observed was significantly lower than 
the 1.5 mA cm-2 observed from the highest performing photocatalysts. (d) The absorbance 
spectrum of an aliquot of solution following (c). The inset highlights the lack of the 





Figure 3.25. (a)Varying solution conditions with RuP on SnO2/TiO2 core/shell with 100 mW 
cm-2 white light illumination truncated with 400 nm longpass filter with 0.6 V vs NHE 
applied potential. (b) Ru(btfmb)2P bound to SnO2/TiO2 core/shell (Ru(btfmb)2P|CS) in pH 
5.6 acetate buffer solution with 1 N NaBr. Minimal sustained photocurrents observed after 
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CHAPTER 4: Visible Light Driven Bromide Oxidation and Ligand Substitution 
Photochemistry of a Ru Diimine Complex3 
 
4.1 Introduction 
Excited state electron transfer reactions are central to molecular level approaches to 
solar energy conversion.1-5 Recently hydrohalic acid splitting has re-emerged as a promising 
target.6-11  Hydrobromic acid is of particular interest in this regard,12-16 eq. 4.1, as the 
hydrogen and bromine products are solar fuels amenable to storage in flow batteries17-18 and 
fuel cells.19-22 Here we report bromide photo-oxidation sensitized to visible light with a Ru 
diimine complex. 
2 HBr + hv  H2 + Br2      (4.1) 
Dye-sensitized HBr splitting provides significant challenges: 1) Bromide oxidation 
requires a strong photo-oxidant;23 2) Dye excited states generally provide one-electron 
transfer chemistry that in this case yields reactive Br atom;24-25 3) Bromide is a coordinating 
ligand that may deactivate transition metal complexes that serve as dyes;26-27 and 4) Bromine 






3This chapter was previously published in the Journal of the American Chemical Society. Reprinted with 
permission from Li, G.; Brady, M. D.; Meyer, G. J. Visible Light Driven Bromide Oxidation and Ligand 
Substitution of a Ru Diimine Complex. J. Am. Chem. Soc. 2018, 140 (16), 5447-5456. Copyright 2018 
American Chemical Society. 
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This chapter provides new insights into the first three of these challenges.  A potent 
photo-oxidant Ru(deeb)(bpz)22+ (RuBPZ2+), where bpz is 2,2’-bipyrazine and deeb is 4,4’-
diethylester-2,2’-bipyridine (Scheme 4.1), was synthesized and reacted with bromide in 
acetone.  Lever has previously shown that RuII bipyrazine complexes are strong photo-
oxidants,28-29 and bromide oxidation has been found to be more facile in organic solvents 
than in water.24-25 Clear evidence for excited state bromide oxidation was provided by 
photoluminescence and absorption spectroscopies.  Both static and dynamic excited state 
electron transfer pathways were identified with compelling evidence of a bromine atom 
intermediate.  Finally, prolonged steady state photolysis led to the formation of both cis- and 
trans-Ru(deeb)(bpz)Br2, which stands in contrast to a vast literature where only one isomer 
was formed.  The observation of two isomer provided new insights into ligand loss 
photochemistry mechanism(s) that may be exploited for synthetic chemistry.  A mono-
bromo-substituted intermediate tentatively assigned as [Ru(deeb)(bpz)(1-bpz)(Br)]+, was 
isolated and characterized by UV-vis, NMR, and mass spectrometry.  Thus, this chapter 
represents one of the few examples where direct isolation and characterization of a 





To our knowledge the photochemistry of bromide ions in non-aqueous solutions has 
not been previously reported, therefore this photochemistry was investigated as possible 
transient species involved in the dye-sensitized bromide oxidation reactions. The absorption 
spectra of tetrabutylammonium (TBA) salts of bromide and tri-bromide in acetonitrile are 
shown in Figure 4.1a.  Tri-bromide absorbs only weakly in the visible region with a strong 
absorption in the ultraviolet region centered at 270 nm. Acetonitrile (CH3CN) was utilized 
here as it provided a wider ultraviolet spectral window than did acetone which was the 
solvent utilized for all the dye-sensitized studies.   
Nanosecond transient absorption spectroscopy was used to study the intermediates 
after pulsed 355 nm laser excitation of tri-bromide in acetonitrile.  The kinetics and spectra 
were dependent on the bromide concentration.  In the absence of bromide irreversible 
photochemistry was observed that precluded signal averaging, which was absent when 
bromide was intentionally added to the solution.  Pulsed laser excitation of 50 µM tri-
bromide and 50 µM bromide in acetonitrile produced an intermediate consisting of two 
positive absorptions centered at 370 nm and 770 nm, along with a tri-bromide ground state 
bleach below 340 nm (Figure 4.1b).  The positive absorption bands were consistent with 
previous reports of Br2 in aqueous solutions.30 Representative kinetic data monitored at 770 
nm (Figure 4.1b, inset) revealed a biphasic feature, a growth that could not be time resolved 
(> 108 s1), and a slower growth that reached maximum in several microseconds.  The 





Figure 4.1. (a) Molar extinction coefficient of bromide (red), tri-bromide (green) and 
dibromide (blue) in acetonitrile. Note the dibromide extinction coefficients were estimated 
from transient absorption experiments.  (b) Transient absorption spectra at indicated time 
delay after 355-nm pulsed laser excitation of an argon purged acetonitrile solution containing 
50 µM TBABr3 and 50 µM TBABr.  Inset: absorption change at 770 nm after pulsed light 
excitation.  (c) Absorption change at 370 nm after 355-nm pulsed laser excitation of 50 µM 
TBABr3 and X µM TBABr in acetonitrile. X = 50 (black), 100 (orange), 150 (blue), 200 
(magenta), 1000 (green).  Overlaid in red are the mono-exponential fits.  Inset: kobs as a 
function of bromide concentration.   
 
The slow component appeared more quickly when the bromide concentration was 
increased. The data were fit to an exponential function that provided kobs.  Plots of kobs versus 
the bromide concentration afford a second-order rate constant, kCH3CN = (1.7 ± 0.1) ×1010 
M1s1 (Figure 4.1c, inset).  The corresponding data measured in acetone is given in Figure 
4.9, with kacetone= (9.2 ± 0.7) × 109 M1s1.  On a longer timescale than is shown, this feature 
returned cleanly to baseline with a second-order equal concentration kinetics, k = (5.0 ± 0.1) 
×108 M1s1 and (2.3 ± 0.2) ×108 M1s1, in CH3CN and acetone, respectively (Figure 4.10).  
Based on the initial and final growth amplitudes and the tri-bromide bleach, the molar 
extinction coefficient of this species assigned as Br2 was estimated (Figure 4.1a). 
The absorption of RuBPZ2+ in acetone displayed two overlapping metal-to-ligand 
charge transfer (MLCT) bands centered at 425 and 450 nm with an absorption onset around 
600 nm (Figure 4.2).  Bromide addition led to significant changes in the RuBPZ2+ 



























































































absorption spectra indicative of a ground state ion pair, Figure 4.2.  A substantial growth 
appeared around 360 nm, accompanied by slight suppression and red-shift of the MLCT 
bands.  Isosbestic points were preserved at 420 and 460 nm throughout the titration, 
consistent with the formation of a single ion pair, denoted as [RuBPZ2+, Br]+. A Benesi-
Hildebrand analysis of the absorption change at 360 nm afforded an equilibrium constant, Keq 
= 8400 ± 200 M1, for the formation of the ion pair.  
 
Figure 4.2. UV-Vis absorption of 55 µM RuBPZ2+ in acetone with increasing bromide 
concentration (0  1 mM).   
 
To gain more insights into the ground state ion pair, 1H NMR spectroscopy was 
utilized in deuterated acetone.  Nine aromatic hydrogen atoms in RuBPZ2+ are labeled in 
Figure 4.3 due to the intrinsic C2 symmetry.  A set of seven peaks were observed beyond 8.0 
ppm that were assigned by analysis of peak position, peak multiplicity and 2-dimensional 
COSY NMR spectra (Figure 4.13).  In the presence of bromide, a, a’, b, and f, shifted 
downfield, while d, c, and c’ shifted in the opposite direction.  Negligible shifts were 
observed for b’ and e.  The hydrogen atoms that associate with bromide were expected to 
shift downfield due to deshielding that occurs as the carbon-hydrogen bond is lengthened.  At 
the same time, other protons may shift upfield as they gain electron density from the 













bromide.  In this sense, bromide preferentially associated with a, a’, b, and f. Note that a and 
a’ are the most electron deficient and hence acidic protons in the complex.  The presence of 
bromide near b and f may be due to enhanced Coulombic attraction to the formally dicationic 
RuII center.  In the presence of four equivalents of bromide, a notably larger shift was 
observed for proton b and f, 0.09 and 0.12 ppm respectively, relative to 0.03 ppm for a and 
a’, providing compelling evidence that bromide was preferentially located near the Ru II 
center rather than on the exterior of the diimine ligands. 
 
Figure 4.3. Upper: Molecular structure of RuBPZ2+ with the aromatic hydrogen atoms 
labeled. Bottom: NMR spectra of RuBPZ2+ in the presence of indicated equiv of bromide in 






































Visible light excitation of RuBPZ2+ resulted in orange photoluminescence (PL) 
centered at 622 nm with a quantum yield of 0.09.  The PL intensity was greatly attenuated 
when bromide was titrated into the solution (Figure 4.4).  Care was taken to excite at an 
isosbestic point so that the number of absorbed photons remained unchanged throughout the 
titration.  At high enough bromide concentrations, a red shift in the PL spectrum was 
observed with a maximum at 635 nm that was largely unaffected by further addition of 
bromide.  The red shift was correlated with the low energy absorption change.  At low 
bromide concentrations, the Stern-Volmer plot was linear with KSV = (1.8 ± 0.1) × 105 M1.  
At higher bromide concentrations, upward curvature was apparent.  A Franck-Condon line-
shape analysis of the RuBPZ2+ and [RuBPZ2+, Br]+ PL spectra afforded estimates of the 
free energies stored in the excited states, GES = 2.17 eV for both species (Figure 4.12).  The 
photophysical properties of RuBPZ2+ and [RuBPZ2+, Br]+ in acetone are summarized in 
Table 4.1. 
 
Figure 4.4. Steady state photoluminescence spectra of RuBPZ2+ as bromide was titrated into 
a 10 µM acetone solution.  The inset shows a Stern-Volmer plot of this same data. 



































To better understand the upward curvature in the Stern-Volmer plots of the steady-
state PL spectra, excited state relaxation was quantified on a nanosecond timescale after 
pulsed laser excitation.  In neat acetone first-order relaxation was observed with a lifetime of 
1.75 µs.  Bromide addition led to the appearance of bi-exponential kinetics with a short 
lifetime of s = 45 ± 5 ns that was independent of the bromide concentration and a longer 
lived component, d, that was quenched by bromide (Figure 4.5a).  The kinetic data was fit 
to eq. 4.2 where As and Ad represent the pre-exponential coefficients. 
PLI(t) = Asexp(-t/45 ns) + Adexp(-t/τd)    (4.2) 
At low bromide concentration, the PL decay was dominated by d.  As more bromide 
was added, s became dominant and eventually at very high bromide concentration (> 100-
fold), the excited state decay returned to mono-exponential with a lifetime that was consistent 
with s = 45 ns.  Significantly, the ratio of As/Ad agreed well with the relative concentration of 
[RuBPZ2+, Br]+/RuBPZ2+ calculated based on Keq = 8400 M1 (Figure 4.5b).  These results 
provided compelling evidence that s and d represent the lifetimes of [RuBPZ2+, Br]+ and 
RuBPZ2+, respectively and that the ground and excited state equilibrium constants for ion-
pairing are very similar.  A linear Stern-Volmer plot was produced based on d (Figure 4.5a, 
inset), which afforded a KSV = (1.41 ± 0.01) × 105 M1, corresponding to a dynamic 
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Figure 4.5. (a) Time-resolved PL decays measured after pulsed light excitation of RuBPZ2+ 
in acetone with added bromide.  Overlaid in red are the bi-exponential fits to the data based 
on eq 2. The inset shows a Stern-Volmer plot based on dynamic quenching, with an overlaid 
best fit line.  (b) The pre-exponential coefficient ratio As/Ad with respect to the calculated 
concentration ratio [RuBPZ2+, Br]+/RuBPZ2+ based on Keq = 8400 M1.   
 
Nanosecond transient absorption was employed to elucidate the reaction mechanism.  
Pulsed 532 nm laser excitation of RuBPZ2+ in acetone resulted in the prompt appearance of a 
transient absorption spectrum consistent with formation of MLCT excited state.  At low 
bromide concentrations, the MLCT absorption spectrum was observed at early observation 
times with the appearance of new absorption features centered at 370 and 500 nm that lived 
for hundreds of microseconds (Figure 4.6a).  When the bromide concentration was four 
times greater than the RuBPZ2+ concentration, this long-lived absorption was well modeled 
by equal concentration of Br2 and RuBPZ+ (Figure 4.6b).  At lower bromide 
concentration, the long-lived absorption spectra could not be satisfactorily modeled due to a 













































smaller amplitude absorption around 370 nm (Figure 4.6b).  This discrepancy was consistent 
with less than 1 eq Br2 per RuBPZ+ at low [Br], suggested Br2 was not a direct 
photoproduct of excited state electron transfer reactions.   
The formation of RuBPZ+ was monitored at 500 nm, where it absorbs strongly 
relative to Br2, which also represents a wavelength where a ground state bleach is observed.  
The absorption change was bi-exponential and modelled with a fixed lifetime of s = 45 ns 
and a lifetime, d, that was bromide concentration dependent (Figure 4.6c).  At high bromide 
concentrations ( 1 mM), the absorption signal at 500 nm became mono-exponential with s 
= 45 ns (Figure 4.6a, inset), which represents the excited state lifetime of [RuBPZ2+, Br]+*.  
Plots of 1/d with the free bromide concentration were linear affording a second order rate 
constant of (8.6 ± 0.7) × 1010 M1s1 (Figure 4.6c, inset), that agreed with kq values extracted 
from time-resolved PL experiment, indicating d was the lifetime of RuBPZ2+*.  Hence 
RuBPZ+ was a direct product of excited state electron transfer in both static and dynamic 
reactions.  Cage escape yields measured based on the concentration of RuBPZ+ remained at 
0.055 ± 0.005 over a wide range of bromide concentration, 10 µM to 5 mM, indicating the 
same cage escape yield for both static and dynamic reactions. 
The formation of Br2 was monitored at 400 nm, which represented an isosbestic 
point between the RuBPZ2+ ground and excited state.  As shown in Figure 4.6d, the 
appearance of Br2 was delayed relative to RuBPZ+, providing strong evidence that Br2 
was not a primary photochemical product of the excited state reaction.  Indeed, the formation 
of Br2 was bromide concentration dependent.  Varying bromide concentration allowed to 
abstract the second order rate constant for the formation of Br2, (1.1 ± 0.2) × 1010 M–1s–1 
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(Figure 4.6d, inset), which was 8 times smaller than that of RuBPZ+.  At long time delay, 
Br2 and RuBPZ+ were found to recombine to yield ground state products with a second-
order rate constant, k = (2.3 ± 0.5) × 1010 M1s1. 
 
 
Figure 4.6. (a) Transient absorption spectra measured at the indicated time delays after 
pulsed 532 nm light excitation of a 50 µM RuBPZ2+ and 1 mM bromide acetone solution.  
The inset shows the absorption change monitored at 500 nm with an overlaid mono-
exponential fit,   = 45 ns.  (b) Absorption spectra measured 5 μs after pulsed light excitation 
of 50 µM RuBPZ2+ and the indicated bromide concentrations. Overlaid as solid lines are 
simulated spectra based on equal concentration of RuBPZ+ and Br2.  (c) The absorption 
change monitored at 500 nm after pulsed light excitation of a 50 µM RuBPZ2+ bromide 
acetone solution. Overlaid in red are fits to a bi-exponential kinetic model with one time 
constant fixed at 45 ns. The inset shows kobs as a function of the free bromide concentration 
with an overlaid best fit line, k = (8.6 ± 0.7) × 1010 M1s1.  (d) The absorption change 
monitored at 400 nm (black) and at 500 nm (red) after pulsed 532 nm laser excitation of 50 
µM RuBPZ2+ and 300 µM bromide solution.  The inset shows kobs as a function of the free 
bromide concentration with an overlaid best fit line, k = (1.1 ± 0.2) × 1010 M1s1.   
 











































































































































Prolonged 460 nm steady-state photolysis of RuBPZ2+ bromide acetone solutions led 
to significant changes in the ground state absorption spectra (Figure 4.7a).  In the first 10 
minutes, a set of clean isosbestic points at 357, 407, and 474 nm were preserved, consistent 
with the formation of a single photoproduct that had two absorption bands centered at 380 
and 510 nm.  After 10 minutes, these isosbestic points were lost and a new set of absorption 
bands appeared at 585, 670, and 870 nm.  The initially formed photoproduct at 380 nm and 
510 nm reached the maximum after 2 h, and further irradiation led to a decrease.  After 20 h 
of irradiation, the absorption spectra became time independent and three photoproducts were 
isolated, free bpz ligand and two isomeric Ru complexes, cis-Ru(deeb)(bpz)Br2 (purple), and 
trans-Ru(deeb)(bpz)Br2 (dark green).  A quantum yield of 0.4% was measured for the ligand 
loss reaction.  The identity of these two isomers was confirmed by 1H NMR (Figure 4.7b).  
In acetone, cis-Ru(deeb)(bpz)Br2 shows two absorption peaks at 410 and 572 nm, while 
trans-Ru(deeb)(bpz)Br2 displays multiple absorption peaks at 400, 440, 490, 588, 670, and 
870 nm (Figure 4.7c).  It is worth noting the absorption onset of trans-Ru(deeb)(bpz)Br2 is 
950 nm, one of the longest for reported RuII diimine complexes.4  The photo- and thermal- 
stability of these two isomers were investigated, while cis-Ru(deeb)(bpz)Br2 showed 
remarkable photo and thermal stability, trans-Ru(deeb)(bpz)Br2 slowly converted to cis-
Ru(deeb)(bpz)Br2 under prolonged light irradiation or thermal heating (Figure 4.13).  If the 
photolysis was terminated prior to complete conversion, a dark orange photoproduct was also 
isolated along with the two isomers.  Mass spectrum of this orange photoproduct revealed 
evidence of [Ru(deeb)(bpz)(bpz)Br]+ with m/z = 798.0 (Figure 4.14).  The theoretical mass 
spectrum based on isotope distribution agreed well with the experimental data (Figure 4.14, 
inset).  NMR data indicated low symmetry in this compound (Figure 4.7b), consistent with 
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one of the Ru-N bonds being displaced by a Ru-Br bond.  Therefore, the orange 
photoproduct likely served as an intermediate in the formation of cis- and trans-
Ru(deeb)(bpz)Br2 and its chemical composition was proposed to be cis-[Ru(deeb)(bpz)(1-
bpz)(Br)]+ in light of the fact bpz was the ejected ligand.  The UV-vis maxima of the 
intermediate’s absorption bands at 382 and 504 nm (Figure 4.7c) were more consistent with 
a cis-mono-species as the trans isomer would have been expected to absorb at longer 
wavelengths of light.29, 31 
To test generality, photolysis of bromide acetone solutions of [Ru(deeb)2(bpz)]2+, 
[Ru(bpy)3]2+ or [Ru(deeb)3]2+ were conducted.  For [Ru(bpy)3]2+ only the cis-Ru(bpy)2Br2 
product was observed while the other two complexes yielded both cis- and trans-isomers.  
Relative to bpy, both deeb and bpz are weaker -donors, which may facilitate cleavage of the 
second RuN bond in the trans-position to form the trans-isomer.   
 
 
Figure 4.7. (a) UV-Vis absorption of 55 µM RuBPZ2+ and 110 µM TBABr in acetone under 
irradiation of a blue light laser (460 nm, power = 3.36 mW) at selected time delay. Inset: 
absorption change spectra during photolysis.  (b) NMR of cis-Ru(deeb)(bpz)Br2 in CD3CN 
(purple), trans-Ru(deeb)(bpz)Br2 in CD2Cl2 (green), and [Ru(deeb)(bpz)(1-bpz)(Br)]+ 
(orange) in CDCl3.  (c) Molar extinction coefficients of cis-Ru(deeb)(bpz)Br2 (purple), trans-
Ru(deeb)(bpz)Br2 (green), and cis-[Ru(deeb)(bpz)(1-bpz)(Br)]+ in acetone.   
 
 















































A mechanistic study of dye-sensitized bromide oxidation is reported in acetone 
solutions and revealed two reaction pathways that enabled the bromine formal reduction 
potential in acetone to be approximated.  Ligand loss photochemistry produced both cis and 
trans isomers, behavior that we are unaware of in the vast literature of RuII diimine 
compounds.  Before discussion of this excited state reactivity, the photochemistry of tri-
bromide is first presented. 
Tri-bromide Photochemistry. The direct excitation of tri-bromide, Br3, was 
investigated in CH3CN solution as it provided a better spectroscopic window than did 
acetone in the ultraviolet region.   Pulsed 355 nm light excitation of Br3 led to the prompt 
formation of a transient spectra consistent with the formation of the bromine radical anion, 
often called dibromide Br2.  Mass balance implies that a bromine atom, Br (eq. 4.3), whose 
presence was indicated by bromide titration that yielded a second equivalent of Br2 with a 
rate constant, (1.7 ± 0.1) ×1010 M1s1, that was within a factor of two of that measured in 
acetone, (9.2 ± 0.7) × 109 M1s1 (eq. 4.4), but was significantly larger than that reported in 
dichloromethane, (5.4 ± 1.0)  108 M−1s−1.25   The Br2 underwent disproportionation to 
reset the ground state (eq 4.5). 
Br3  [Br3]*  Br2 + Br   k3 > 108 s1  (4.3) 
Br + Br  Br2   k4 = (1.7 ± 0.1) ×1010 M1s1 (4.4) 




Excited State Electron Transfer. The spectroscopic data provided compelling evidence 
for the ground state ion-pair equilibrium shown in Scheme 4.2.  Metal-to-ligand charge transfer 
excitation of bromide solutions of RuBPZ2+ or [RuBPZ2+, Br]+  formed identical products 
suggesting that the excited state solvent cage [RuBPZ2+*, Br] formed by diffusional 
interactions of RuBPZ2+* and Br are similar to that formed when the ion-paired complex was 
directly excited.  Excited state quenching formally involved electron transfer from bromide to 
the RuIII excited state to yield a bromine atom and the reduced ruthenium complex.  This 
reaction was quantitative, yet the yield of products measured was only about 6%, ce = 0.055.  
In the presence of excess Br the cage escaped bromine atoms reacted quantitatively to yield 
dibromide whereas in the absence of excess Br some irreversible photochemistry occurred.  
Dibromide and the reduced Ru complex returned to ground state products with second-order 
equal concentration kinetics. 
Scheme 4.2. Summary for Excited State Electron Transfer Reactions of RuBPZ2+ and 
[RuBPZ2+, Br]+.  
 
The quenching rate constant extracted from Stern-Volmer analysis, kq, is related to 
the true electron transfer rate constant ket through eq. 4.6,32 in which kdiff is the diffusion rate 
constant and KA is the association constant.  The value of kdiff has been calculated through eq. 
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4.7, in which DRu and DBr represent the diffusion coefficient of RuBPZ2+* and Br in 
acetone, respectively.  Based on a 7.0 and 1.96 Å radii for RuBPZ2+* and Br,33 DRu and DBr 
were found to be 9.75 × 1010 and 3.48 × 109 m2s1, respectively, through the Einstein-
Stokes equation. The parameter  is the effective reaction radius described by 
Rcexp(Rc*κ)/[exp(Rc/R)1], in which R is the sum of the radii of RuBPZ2+ and of Br.  The 
Onsager radius Rc is ZRuZBre2/4r0kbT, and κ1 is the Debye length, 
(r0kbT/2000e2NAI)1/2.34  Based on an ionic strength I = 2.5 × 104 M1 and KA = 8400 M1, 
an estimated electron transfer rate from Br to RuBPZ2+* was calculated to be ket = 4.1 × 107 
s1, which is within a factor of two of that measured for the ion-paired complex.   
=  +       (4.6) 









)    (4.8) 
When typical values for a pre-exponential factor, 1011 s1, and a reorganization 
energy  = 1 eV are assumed, Marcus theory and eq. 4.8 indicate that G = 0.11 eV.   The 
free energy change associated with electron transfer reaction is given by eq. 4.9.  In this 
equation E(Br/) is the bromine formal reduction potential and E(Ru2+*/+) is the excited state 
reduction potential of RuBPZ2+, calculated to be 1.68 V vs NHE with a previously reported 
ground state reduction potential of  0.49 V vs. NHE,24 and the free energy stored in the 
excited state GES is 2.17 eV.  The work term, Gw, accounts for the Coulombic energy 
associated with electron transfer, and is defined in eq. 4.10, where ke is Coulomb’s constant, 
ε is the relative permittivity of acetone (20.7), ZBr is the charge of bromide, Zi is the partial 
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charge of atom i in RuBPZ2+, and ri is the distance between bromide and atom i in 
RuBPZ2+.35  Since the bromine atom is uncharged, the Coulombic potential energy after 
electron transfer is zero.  For the reactants,  Gw was approximated by assuming point 
charges in the center of mass for RuBPZ2+ and Br with a sum of the ionic radii as 8.96 Å, 
from which Gw was calculated to be 0.15 eV.  This afforded an estimate of E(Br/) = 1.42 
V vs. NHE, which is substantially more negative that the accepted value in water of 1.92 V 
vs. NHE.23 
Grxn = [E(Br/)  E(Ru2+*/+)]F   + Gw                         (4.9) 
Gw =  Δ ∑       (4.10) 
Ligand Exchange Mechanism. An Achilles heel of Ru diimine complexes is their 
susceptibility to ligand loss photochemistry, especially in the presence of halides.  To our 
knowledge, in all such previously reported reactions one isomeric photoproduct of the form 
Ru(LL)2X2, where X stands for halides, were formed.36  The vast majority of studies reported 
the cis-product,26-27, 29, 31, 37-53 while [Ru(bpy’)(btz)2]2+ (btz=1,1’-dibenzyl-4,4’-bi-1,2,3-
triazolyl) yielded the trans-[Ru(bpy’)(btz)(CH3CN)2]2+ isomer as the only photoproduct.54-56  
Recently the unprecedent ligand loss photochemistry of an OsII compound, [Os(btz)3]2+, 
yielded both cis- and trans-[Os(btz)2(CH3CN)2]2+ photoproducts through distinctly different 
reaction pathways.57  It was therefore of interest to identify the reaction intermediates in the 
present study to understand the light driven ligand loss reaction mechanism, a reaction that is 
unwanted for HBr splitting but, may have synthetic utility for preparing trans-Ru complexes. 
To identify the photochemical reaction mechanism(s), acetone solutions of bromide 
and RuBPZ2+ were exhaustively photolyzed and the reaction products were separated 
138 
 
chromatographically and were characterized.  This provided authentic samples of cis- and 
trans- Ru(deeb)(bpz)Br2 that were used as reference spectra for global analysis of the 
photolysis mixtures.  It is notable that the trans isomer has significant absorption beyond 900 
nm.  If the photolysis was stopped in the middle of the experiment, a third photoproduct, 
[Ru(deeb)(bpz)(1-bpz)(Br)]+ could be isolated and characterized by UV-vis, NMR, and 
mass spectrometry.  It was likely the intermediate in the formation of the two isomers. 
Figure 4.8 shows the visible absorption spectra of a 460-nm light illuminated 
bromide and RuBPZ2+ solution measured from 10 minutes to 20 hours.  Note that the initial 
spectrum was used as a reference such that these represent difference spectra.  It was not 
possible to simulate these spectra with standard addition of cis- and trans- Ru(deeb)(bpz)Br2 
and the spectra of Ru(deeb)(bpz)(1-bpz)(Br)]+ was therefore included.  Remarkably, 
standard addition of these three spectra afforded very good agreement with the experimental 
spectra throughout the entire photolysis experiment, suggesting these three species were the 
only visible light absorbing photoproducts involved.  As shown in Figure 4.8b, the 
concentration of [Ru(deeb)(bpz)(1-bpz)(Br)]+ first increased and then decreased, providing 
compelling evidence for its intermediate nature.  These data indicates the formation of cis- 
and trans- Ru(deeb)(bpz)Br2 goes through the same intermediate, cis-[Ru(deeb)(bpz)(1-
bpz)(Br)]+, unlike the photochemistry of [Os(btz)3]2+.57  Although ligand photosubstitution 
chemistry of Ru tris-diimine complexes has been known for several decades, the reaction 
mechanism is still unclear.   Therefore, the present work represents one of the very few 
examples that enable isolation and direct observation of the photosubstitution intermediate. 
To the best of our knowledge, the only other reports managing to isolate the intermediate 




Figure 4.8. (a) Absorption changes measured from 10 min to 20 h during the 460-nm 
photolysis of a 55 µM RuBPZ2+ and 110 µM TBABr acetone solution.  Overlaid on the data 
in red are modeled spectra.  (b) The concentration of each species as a function of time.   
 
It was a surprise that trans-Ru(deeb)(bpz)Br2 was the dominant photoproduct, 
particularly because thermal experiments indicated that cis-Ru(deeb)(bpz)Br2 was the 
thermodynamically more stable isomer.  To rationalize the photochemistry, a mechanism 
wherein light absorption forms the MLCT excited state that undergoes activated crossing to a 
dissociative ligand field excited state39  that dissociates a N from a bpz ligand followed by 
Br- coordination to yield [Ru(deeb)(bpz)(1-bpz)Br]+, Scheme 4.3.   This intermediate is 
tentatively assigned to a cis-geometry based on the large number of resonances in the NMR 
spectra that implies loss of the C2 symmetry and the high energy UV-Vis absorption 
spectrum. Bromide addition to cis-[Ru(deeb)(bpz)(1-bpz)Br]+ could dissociate the 1-bpz 
ligand, to give the cis- product, or thermal release of the 1-bpz ligand followed by 
isomerization would yield the trans-product.  This proposed mechanism predicts that higher 
Br concentrations could facilitate dissociation of the 1-bpz ligand, or more rapidly trap a 5-
coordinate intermediate would result in a higher yield of the cis-isomer.  Some evidence for 
this was garnered from experiments where the Br concentration was increased by about 10-
fold (1 mM TBABr) and a greater concentration of the cis-isomer was formed (Figure 4.16).   






































Scheme 4.3. Proposed Mechanism for Ligand Substitution Photochemistry Between 
RuBPZ2+ And Br.   
 
In the prior report of a trans-[Ru(bpy’)(btz)(CH3CN)2]2+ photoproduct, a trans-
intermediate was identified experimentally and computational analysis revealed that both 
dissociative steps occurred on the excited state manifold and hence required absorption of 
two photons.58  An alternative mechanism consistent with this study would have light 
absorption yield both cis- and trans- [Ru(deeb)(bpz)(1-bpz)Br]+ at the initial step in Scheme 
4.3 followed by separate light initiated ligand loss photochemistry.   Experiments to test 
whether thermal isomerization reactions on seconds time scales might occur were 
unsuccessful (Figure 4.15).  While a two-photon reaction mechanism cannot be ruled out, 
the variable Br- concentration studies are more consistent with that proposed in Scheme 4.3.  
Furthermore, the trans-Ru(deeb)(bpz)Br2 products is the first to appear, under conditions 
where two photon absorption are less likely.   It is likely that the photochemical 
mechanism(s) is highly dependent on the metal coordination sphere.  For example, the 
previously reported photoisomerization of an Os(II) complex is more likely to require a 
second photon that that reported here due to the unlikely thermal population of  highly 





























































































In summary, visible light driven bromide oxidation by RuBPZ2+* in acetone was 
investigated comprehensively by UV-vis, NMR, steady-state/time-resolved 
photoluminescence, and nanosecond transient absorption techniques.  A ground state 
equilibrium between RuBPZ2+ and a single bromide ion pair [RuBPZ2+, Br]+ was evident.  
Static and dynamic excited state electron transfer pathways were identified for [RuBPZ2+, 
Br]+ and RuBPZ2+, respectively.  Transient absorption spectroscopy revealed two photo-
products: the reduced ruthenium complex, RuBPZ+, and Br2.  The RuBPZ+ was a primary 
photochemical product while an intermediate Br was involved in the formation of Br2.  
Prolonged laser irradiation afforded cis- and trans-Ru(deeb)(bpz)Br2.  A tentatively assigned 
[Ru(deeb)(bpz)(1-bpz)Br]+ intermediate was proposed in the photochemical ligand loss 
mechanism.  This study provides new insights into visible light driven halide oxidation and 
halide substitution reactions of coordination compounds in fluid solution. 
4.5 Experimental Methods 
4.5.1 Materials  
Tetrabutylammonium bromide (TBABr, Sigma-Aldrich, 99.0%), 
tetrabutylammonium tri-bromide (TBABr3, Sigma-Aldrich, 98%), acetone (Burdick & 
Jackson, HPLC grade, >99.9%), acetonitrile (Burdick & Jackson, HPLC grade, >99.9%) and 
deuterated acetone (Cambridge Isotope Laboratories) were used as received. Argon gas 
(Airgas, 99.998%) was passed through a Drierite drying tube prior to use. 
[Ru(deeb)(bpz)2](PF6)2 was prepared following literature procedure.58 
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4.5.2 Preparation of cis- and trans-Ru(deeb)(bpz)Br2 
A mixture of RuBPZ2+ (50 mg, 0.05 mmol) and TBABr (32 mg, 0.1 mmol) were 
dissolved in 100 mL of acetone in a round bottom flask sealed with a rubber septum.  The 
solution was purged with argon for 20 min and illuminated with a white light lamp for 4 
hours.  The solvent was removed on rotary evaporator and the crude was loaded onto a silica 
gel column using DCM:MeOH = 20:1 (v: v) as eluent.  After collecting a fast-moving green 
and purple bands, the eluent was changed to DCM:MeOH = 10: 1 (v: v), and the following 
orange band was collected. After removing the solvent on rotary evaporator, the three 
fractions were recrystallized in DCM/Hexane to afford the trans-Ru(deeb)(bpz)Br2 (green), 
cis-Ru(deeb)(bpz)Br2 (purple), and the intermediate [Ru(deeb)(bpz)(1-bpz)Br]+, 
respectively. 
4.5.3 Characterization 
NMR spectra were measured on a Bruker Avance III 600 MHz spectrometer at room 
temperature. NMR spectra were processed using MNOVA software. UV−Vis absorption 
spectra were recorded on a Varian Cary 60 spectrophotometer in a quartz cuvette with a 1.0 
cm pathlength. Mass spectrometry was performed on a Shimadzu LCMS and an LTQ 
VELOS Thermo LCMS (positive mode). 
4.5.4 Photoluminescence and Transient Absorption 
Solutions were sparged with argon for at least 20 min prior to steady-state, time-
resolved PL, and transient absorption experiments. 
Steady-state PL spectra were obtained on a HORIBA Fluorolog 3 spectrofluorometer 
equipped with a 450 W Xe arc lamp as the excitation source. Samples were excited at 460 
nm, which is the isosbestic point of RuBPZ2+ and [RuBPZ2+, Br]+. The intensity was 
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integrated for 0.1 s at 1 nm resolution and averaged over 3 scans. Quantum yields were 
measured using [Ru(bpy)3](PF6)2 in dichloromethane as the standard (ϕPL = 0.029) with the 
optically dilute method.59  
Time-resolved PL data were acquired with pulsed laser excitation at 500 nm (time 
resolution: 10 ns) by pumping a dye laser with a PTI GL-3300 nitrogen laser. The PL was 
detected by a Hamamatsu R928 PMT optically coupled to a ScienceTech Model 9010 
monochromator terminated into a LeCroy Waverunner LT322 oscilloscope. PL decays were 
monitored at 630 nm and averaged over 180 scans. 
For nanosecond transient absorption, a Q-switched, pulsed Nd:YAG laser (BigSky 
Brilliant B 5−6 ns fwhm, 1 Hz, ∼ 1 cm in diameter) was doubled to 532 nm and served as the 
excitation light source. A 150 W xenon arc lamp (Applied Physics) pulsed at 1 Hz with 70 V 
was used as the probe at a right angle. The light from the lamp was collected by a 
monochromator (SPEX 1702/ 04) optically coupled to an R928 photomultiplier tube 
(Hamamatsu). The signal from the PMT was sent to a digital oscilloscope (LeCroy 9450, 
Dual 330 MHz) and averaged 30 times to acquire the kinetic data. 
4.5.5 Bromide Titration Experiments 
Acetone solution of 4 mL 50 µM RuBPZ2+ in a quartz cuvette was sparged with 
argon for 20 min. Argon was passed through acetone prior to the sample to minimize solvent 
evaporation. 5 mM argon-purged TBABr acetone solution was added to the RuBPZ2+ 
solution using a micro-syringe at an interval of 10 µL until UV-Vis absorption/time-resolved 
PL became unchanged. The solution volume change was less than 5% throughout the 
titration. Note that in the UV-Vis titration experiments, argon purge was not performed. 
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4.5.6 Spectral Modeling 
Franck-Condon lineshape analysis was performed following a published procedure.59 
The absorption of the photolysis solution was globally modelled using the molar extinction 
coefficient of the intermediate, cis-isomer, and trans-isomer as key spectra in a self-written 
Mathematica program, which afforded the concentration of each species. 
4.5.7 Determination of the Extinction Coefficient of RuBPZ+ 
Acetone solution of 4 mL 50 µM RuBPZ2+ was sparged with argon for 20 min in a 
quartz cuvette. Argon was passed through acetone prior to the sample to minimize solvent 
evaporation. 10 µL argon-purged triethanolamine was added to the RuBPZ2+ solution using 
a micro-syringe and the mixture was irradiated with a lamp. The UV-Vis absorption of the 
solution was intermittently recorded until no further change, at which point the solution 
turned from orange to purple. The newly formed solution was the one-electron reduced 
product, RuBPZ+. 
4.5.8 Determination of the Extinction Coefficient of Dibromide 
Nanosecond transient absorption (TA) spectra of 50 µM TBABr and 50 µM TBABr3 
in CH3CN was collected by pulsed excitation at 355 nm. The 50 ns and 10 µs TA spectra,  
Abs (50 ns) and Abs (10 µs), corresponds to reaction in eq. 4.3 and eq. 4.11, respectively, 
which gives rise to eq. 4.12 and eq. 4.13, in which C(Br2) represents the concentration of 
Br2 at 50 ns after laser excitation and  represents molar extinction coefficient. 
 Br3 + Br  2Br2      (4.11) 
 Abs (50 ns) = C(Br2)*(Br2)  C(Br2)*(Br3) (4.12) 
 Abs (10 µs) = 2*C(Br2)*(Br2)  C(Br2)*(Br3) (4.13) 
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Based on eq. 4.12 and eq. 4.13, C(Br2) was calculated in eq. 4.14. 
 C(Br2) = [Abs (10 µs)  2*Abs (50 ns)]/(Br3)  (4.14) 
(Br2) was therefore calculated using eq. 4.15. 
 (Br2) = [Abs (10 µs)  Abs (50 ns)]/ C(Br2)  (4.15) 
4.5.9 Photolysis Experiment 
Acetone solutions containing 55 µM RuBPZ2+ and 110 µM or 1 mM TBABr in a 
quartz cuvette were sparged with argon gas for 20 mins in the dark prior to photolysis and 
sealed under positive pressure. Argon was passed through acetone prior to the sample to 
minimize solvent evaporation. The solutions were illuminated using a Coherent Genesis MX 
460 nm solid state laser (power = 3.36 mW) and were stirred constantly during photolysis. 
The UV-Vis absorption of the solution was intermittently recorded on a Varian Cary 60 
spectrophotometer with 1 nm resolution. 
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4.7 Additional Content 
 
Figure 4.9. (a) Absorption change monitored at 380 nm after 355 nm pulsed laser excitation 
(4.9 mJ/pulse) of 50 µM TBABr3 and indicated TBABr in acetone. Overlaid in black 
represent pseudo-first-order kinetic fitting. (b) Observed rate constant kobs as a function of 




Figure 4.10.  Concentration change of dibromide after 355 nm pulsed laser excitation of 50 
µM TBABr3 and 1 mM TBABr in (a) acetonitrile and (b) acetone. Overlaid in red represents 
the fitting based on second-order equal concentration kinetic model. 
 
 




































k = (9.20.7)  109 M1s1
a) b)
































Figure 4.11. Two dimensional COSY NMR spectra of RuBPZ2+ in the presence of 4 




Figure 4.12. Steady state PL of (a) RuBPZ2+ and (b) [RuBPZ2+, Br]+ in acetone. Overlaid 
in dot-dashed red is a Franck-Condon line-shape analysis from which the Gibbs free energy 
stored in the excited states were abstracted, GES = 2.17 eV for both species.   
 
 

























Figure 4.13. Absorption change of (a) cis-Ru(deeb)(bpz)Br2 and (b) trans-Ru(deeb)(bpz)Br2 
in acetone under illumination of a steady-state white light lamp. Absorption spectrum of (c) 
cis-Ru(deeb)(bpz)Br2 and (d) trans-Ru(deeb)(bpz)Br2 in acetone before (blue) and after (red) 

















































Figure 4.14. Mass spectrum of the intermediate consistent with the presence of 
[Ru(deeb)(bpz)(bpz)Br]+.  Inset: simulated mass spectrometry based on the formula 
RuC32H28N10O4Br.   
 
 
Figure 4.15. UV-vis of photolyzed acetone solution of RuBPZ2+ in the presence of bromide 
before (red) and after (blue) storing in the dark for 48 h.   
 

















Figure 4.16. Concentration of each species during 460-nm photolysis of 50 µM RuBPZ2+ 
and 1 mM TBABr acetone solution.   
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CHAPTER 5: Fundamental Factors Impacting the Stability of Phosphonate-
Derivatized Ruthenium Polypyridyl Sensitizers Adsorbed on Metal Oxide Surfaces4 
 
5.1 Introduction 
Long-lasting and high-efficiency dye-sensitized solar cells (DSSCs) and dye-
sensitized photoelectrosynthesis cells (DSPECs) are popular targets in solar fuels 
production.1-5 They consist of a multitude of components, both chemical and mechanical, that 
must work optimally together to become a pragmatic technology. One key component that 
must be optimized for continued long-term use is the chemical stability of the sensitizer.6-10 
Ruthenium(II) polypyridyl complexes functionalized with phosphonic acids, 4,4′-
((HO)2(O)P)2-2,2′-bipyridine, p-bpy, or 4,4′-((HO)2(O)P-CH2)2-2,2′-bipyridine,11-14 are used 
extensively as sensitizers due to their large visible absorbance, well-understood 
photophysical properties, and reversible one-electron transfer chemistry.15-18 
In DSSCs and DSPECs, oxidative equivalents are generated after excited-state 
electron injection from the adsorbed sensitizer, RuIIL, to the metal oxide nanocrystallites’ 
acceptor states (Figure 5.1a).19-20 The oxidized sensitizer, RuIIIL, is then reduced by an 
external redox mediator (as in DSSCs) or reductant (as in DSPECs) to regenerate RuIIL.21-22 
The process can then be repeated to produce current and the corresponding solar fuels. In 
either application, RuIIIL is a short-lived transient species with a finite lifetime under steady-
 
4This chapter was previously published in ACS Applied Materials & Interfaces. Reprinted with permission from 
Raber, M. M.; Brady, M. D.; Troian-Gautier, L.; Dickenson, J. C.; Marquard, S. L.; Hyde, J. T.; Lopez, S. J.; 
Meyer, G. J.; Meyer, T. J.; Harrison, D. P. Fundamental Factors Impacting the Stability of Phosphonate-
Derivatized Ruthenium Polypyridyl Sensitizers Adsorbed on Metal Oxide Surfaces. ACS Appl. Mater. 
Interfaces 2018, 10 (26), 22821-22833. Copyright 2018 American Chemical Society. 
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state conditions. In many cases, the long-term performance of sensitizer-catalyst based 
DSPEC for water oxidation is limited by the stability of the oxidized sensitizer.23-24 
Understanding the origin, rates, mechanisms and products of these deleterious decomposition 
pathways are important elements in increasing device longevity.  
These parameters can be studied using electrochemistry where RuIIL is oxidized to 
RuIIIL (Figure 5.1b) using a conductive fluorine-doped tin oxide (FTO) electrode. 
Electrochemistry on FTO is a very convenient method to approximate harsh conditions 
where DSSCs and DSPECs are not efficiently supplied with reducing agents fast enough to 
regenerate RuIIL, and effectively allows one to model the long-term behavior of RuIIIL.  
 
Figure 5.1. Comparison of transient formation of RuIII by, A) photo-excitation of a RuII 
sensitizer on TiO2 to RuII* and excited-state electron injection (CB is conduction band, VB is 
valence band, and krec represents the recombination rate constant associated with back 
electron transfer processes) and, B) electrochemical oxidation on fluorine-doped tin oxide 
(FTO). The teal shading indicates the Fermi potential of the electrode and the orange 
distribution curves indicate the density of states for RuII. 






































The electrochemical stability of a handful of ruthenium based sensitizers adsorbed on 
FTO, focusing primarily on the factors effecting the stability of FTO|[RuII(4,4′-
((HO)2(O)P)2bpy)(bpy)2]2+, FTO|RuP has previously been reported.23 Desorption was the 
only loss mechanism for FTO|RuP in the Ru(II) oxidation state while oxidatively induced 
ligand substitution and/or desorption were responsible for accelerated losses upon oxidation 
to Ru(III). Pourbaix analysis of redox couples generated upon oxidation revealed two general 
classes of electrochemically active chemical decomposition products (CDPs), FTO|RuP-
CDPs, resulting from ligand substitution: anated species (where electrolytic perchlorate 
entered the coordination sphere; Class 1) and proton coupled electron transfer (PCET) 
complexes (consisting of aquo- and peroxo-Ru coordinated ligands; Class 2) (Figure 5.2).  
 
  
Figure 5.2. CV overlays of FTO|RuP prior to (black) and following 12 hours of a 1.5 V (vs. 
Ag/AgCl) applied potential electrochemical protocol (red) described in experimental details 
(left). Classes of electrochemically active chemical decomposition products are indicated 
along with their corresponding redox potentials. Class 1 FTO|RuP-CDPs in blue are mono-
anated and bis-anated species at E1/2 = 0.8 and 0.25V, respectively, while aquo- and peroxo- 
PCET, CDPs are highlighted in green with E1/2 = 0.65 and 0.05V, respectively. CV overlays 
of FTO|RuP collected every 12 hours for 3 days, without an applied potential, indicating 




In this chapter, a series of 18 ruthenium sensitizers (Figure 5.3) bearing phosphonic 
acid anchoring groups were used to investigate the steric and electronic factors at stake for 
preventing sensitizer desorption as well as decomposition in pH 1 aqueous perchloric acid 
solutions (0.1 M HClO4). Substitutions at the 4,4’- or 5,5’-positions on the 2,2’-bipyridine 
ancillary ligands allowed tuning of both the redox potential as well as the bulkiness and 
hydrophobicity/hydrophilicity of the corresponding ruthenium sensitizer. Additionally, our 
attempts to deconvolute the various decomposition processes responsible for the oxidatively 
induced loss of FTO|RuL are described below.  
 
Figure 5.3. Ruthenium sensitizers used in this study that all possess either a 4,4′-
((HO)2(O)P)2-2,2′-bipyridine or a 4,4′-((HO)2(O)P-CH2)2-2,2′-bipyridine to allow for surface 
anchoring. Substitutions of the ancillary ligands allow for the tunability of their redox 





Equations governing the decomposition processes. Rate constants, kd, for the loss 
of several sensitizers, FTO|RuP13 and FTO|RuCP13, were previously determined using a 
12 hour electrochemical protocol monitoring the surface coverage as a function of time spent 
in the Ru(III) state (eq. 5.1).23 The same electrochemical data monitored the formation of 
FTO|RuL-CDPs (CDP is chemical decomposition products) and indicated a buildup of 
FTO|RuL-CDPs over the course of the experiment (eq. 5.2a; see Figure 5.8). A surface 
coverage difference () between the consumption of FTO|RuP and the formation of 
FTO|RuL-CDPs indicated that electrochemically silent processes were concomitantly 
occurring. Likely processes included i) direct desorption of the intact RuL fragment (eq. 
5.2b) or ii) complete ligand substitution at the adsorbed ligand coordination sites (eq. 5.2c). 
Hence, kd encompasses k2a, k2b, and k2c but are impossible to deconvolute electrochemically. 
The electron-transfer rate constants, k1,ET, were determined by Laviron analysis (see Table 




⎯⎯   FTO|RuL3+ + e-  (5.1) 
FTO|RuL3+     FTO|RuL-CDPs (class 1 and 2 CDPs)  (5.2a) 
FTO|RuL3+  FTO| + RuL3+ (desorption, e-chem silent)   (5.2b) 
FTO|RuL3+  FTO|p-bpy + RuL-CDPs (adsorbed ligand substitution, e-chem silent)




Eventually, the formation of the FTO|RuL-CDPs stalls as the amount of FTO|RuL 
decreases, at which point, they too begin converting to electrochemically silent species via 
desorption (eq. 5.3a) or to FTO|p-bpy (eq. 5.3b) (see Figure 5.8). It is noteworthy that the 
FTO|RuL-CDPs are interconverting (eq. 5.3c).27  
FTO|RuL-CDPs → FTO| + RuL-CDPs       (slow; desorption, e-chem silent)     (5.3a) 
FTO|RuL-CDPs → FTO|p-bpy + RuL-CDPs  (slow; adsorbed ligand 
substitution, e-chem silent)          (5.3b) 
FTO|RuL-CDPs → FTO|RuL-CDPs-2  (slow; CDP interconversion)        (5.3c) 
 
Because the processes in eq. 5.3 are much slower than those of eq. 5.2, the maximum 
percentage of conversion of FTO|RuL  FTO|RuL-CDPs can be utilized as a means to 







In eq. 5.4, %cdm represents the maximum surface coverage of electrochemically 
active FTO|RuL-CDPs over the timescale of a given experiment, (all decomp) = 
(FTO|RuL-OH2) + (FTO|RuL-OOH) + (FTO|RuL-OClO3) + (FTO|RuL-(OClO3)2), 
and chr,t=0 represents the initial surface coverage of the sensitizer. 
While %cdm quantifies electrochemically active decomposition products, monitoring 
the overall retention of FTO|RuL according to eq. 5.5 captures both electrochemically active 
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and inactive processes. Hence, the surface coverage retention percentage, %ret, provides 






Perfectly electrochemically stable sensitizers, and by extension excellent 
DSSC/DSPEC targets, would have a %ret = 100, a corresponding %cdm = 0, and kd = 0 s-1. 
Using these three metrics, %ret, %cdm, and kd, we are able to quantifiably describe key 
FTO|RuL steric and electronic factors effecting a sensitizer’s electrochemical stability on 
FTO.   
Electronic Effects. A strong linear correlation between kd and the sensitizer’s 
Ru(III/II) redox potential as well as a strong linear correlation between the %cdm and E1/2 
(Figure 5.4) for the series FTO|RuP13 was observed.28 No correlation was observed 
between %ret and the Ru(III/II) redox potential. Nonetheless, raising the Ru(III/II) redox 
potential with electron withdrawing groups increased the rates and total amounts of 




Figure 5.4. Correlation between 1) kd and FTO|RuP13 Ru(III/II) redox potential (purple 
circles) and 2) %cdm as a function of FTO|RuP13 Ru(III/II) redox potential (green 
triangles).   
 
Extrapolation of the linear fitting (Figure 5.4) indicated that kd and %cdm reach 
values of 0 when the RuL(III/II) redox potentials reach 1.12 V and 1.09 V vs Ag/AgCl, 
respectively. Complete conversion to FTO|RuL-CDPs (i.e. %cdm = 100) was estimated to 
occur when a RuL(III/II) E1/2 = 1.37 V vs Ag/AgCl, which corresponds to a rapid kd = 
5.8x10-4 s-1. 
To verify these extrapolations, a series of Ru-based sensitizers bearing 4,4’-
substituted-2,2’-bipyridine ligand was subjected to a 12-hour electrochemical protocol (see 
experimental details). The reduction potential of this series of ruthenium sensitizers ranged 
from 0.87 V to >1.62 V vs Ag/AgCl. Results concerning the electrochemical stability of 




Table 5.1. Redox potentials measured in aqueous 0.1 M HClO4 for a series of ruthenium 
sensitizers adsorbed on FTO electrodes. Their difference relative FTO|RuP is found in 
brackets (E1/2 = E1/2(FTO|RuL) – E1/2(FTO|RuP)), their associated rate constant, kd, and 
rate constant ratio relative to FTO|RuP is located in brackets, the surface coverage 
percentages (%ret,app) after an applied potential electrochemical protocol (see experimental 
details), the surface coverage percentage (%ret,ctrl) of an electrode without an applied 
potential hold, and maximum surface coverage percentage of electrochemically active 
FTO|RuL-CDPs (%ret,cdm) of corresponding electrodes are presented. Unless otherwise 
noted, these values represent 12-hour experiment times and E1/2 V vs Ag/AgCl.   












FTO|RuCP4OMe 0.872 [-0.274] 5.510-5 [7.9] 20 83 1 
FTO|RuCP24OM
e 
0.903 [-0.243] 3.610-5 [5.2] 21 82 N/Ad 
FTO|RuP4OMe 0.913 [-0.232] 5.710-5 [8.3] 27 84 1 
FTO|RuPtBubpy 1.008 [-0.138] 5.210-5 [7.5] 33 99 3 
FTO|RuP4Me 1.009 [-0.137] 6.210-5 [9.0] 34 82 4 
FTO|RuPBr 1.249 [+0.104] 1.210-4 [17] 6 92 52 
FTO|RuPCF3  1.440 [+0.295] 9.610-3 [1400] a 16 90 81 (98e)  
FTO|RuPbpz  >1.62 [>+0.475] N/A b <1 N/Ac 99 
a Experiment time of 4 min. b Experiment time of seconds. cThe value is unmeasurable due to 
rapid decomposition accompanying scanning through the anodic wave. d Like 
FTO|RuCP13, ligand oxidation complicates quantification of decomposition products (see 
broadening in Figure 5.24). e calculated %cdm considering 84% of the FTO|RuPCF3 reacted 
(100% - 16%ret). 
As can be observed from Table 5.1, a very limited amount of chemical 
decomposition occurred by using sensitizers with Ru(III/II) reduction potentials below the 
1.12/1.09 threshold (e.g. FTO|RuP4Me, FTO|RuP4OMe, FTO|RuCP4OMe, and 
FTO|RuP4tBubpy). Interestingly, plotting the limited chemical decomposition percentage 
(%cdm) of these sensitizers as a function of E1/2 (Figure 5.5) gave rise to a trend that was 
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independent of FTO|RuP13. The observed trend intersected with the FTO|RuP13 series at 
1.10 V (Figure 5.5). It is important to note that no significant difference in kd were observed 
within the FTO|Ru4L series, i.e. where 4,4’-substituted-2,2’-bipyridine ancillary ligands 
with electron donating groups are used. 
  
Figure 5.5. Correlation between the observed chemical decomposition percentage and the 
reduction potential of a series of ruthenium sensitizers bearing 4,4’-substituted-2,2’-
bipyridine on FTO. Experiments were carried out in aqueous 0.1 M HClO4 following a 12-
hour electrochemical protocol. The experiment time for FTO|RuPCF3 was 4 minutes and 
was several seconds for FTO|RuPbpz.    
 
FTO|RuPCF3 (E1/2 = 1.44 V) and FTO|RuPbpz (E1/2 > 1.62 V), with Ru(III/II) redox 
potentials above the projected 1.37 V threshold, led to complete decomposition to FTO|RuL-
CDPs 2-3 orders of magnitude faster than all other sensitizers. While chemical 
decomposition was measurable with FTO|RuPCF3, chemical decomposition was extremely 
rapid (i.e. seconds) with FTO|RuPbpz as conversion to FTO|RuPbpz-CDPs only required 
scanning through the FTO|RuIII/IIPbpz couple. Note that no FTO|RuIII/IIPbpz redox 
potential was observed due to the rapid electrochemical decomposition. Using a comparably 
sized sensitizer, RuP, as an estimate of the maximum surface coverage, max, we estimated 
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~99%cdm for FTO|RuPbpz (RuP, max = 1.12x10-10 mol/cm2; RuPbpz-CDPs, cdm = 
1.11x10-10 mol/cm2). FTO|RuPBr (E1/2 = 1.25 V) fits well with the FTO|RuP13 series.  
Structural Effects. The overall stability and the rates of decomposition of the 
ruthenium sensitizers under applied potential were investigated with regards to parameters 
such as steric effects, hydrophobicity/hydrophilicity as well as the rigidity of the different 
ligands. 
Functional Group Effects. The influence of steric bulk was investigated using a series 
of ruthenium sensitizers bearing 5,5’-substituted-2,2’-bipyridine. Remarkably, 
FTO|RuP5OMe and FTO|RuCP5OMe were both lost both lost within 30 minutes of an 
applied potential hold. Thus, applied potential holds for a duration of only 4 minutes in 1-
minute intervals were used to yield similar %ret to the 12-hour electrochemical protocol 
analogs. Loss of both FTO|RuP5OMe and FTO|RuCP5OMe occurred ~100 times faster 
than their 4,4’-analogues, FTO|RuP4OMe and FTO|RuCP4OMe, upon oxidation to Ru(III), 
while loss of FTO|RuP5Me was nearly identical to FTO|RuP4Me (Table 5.2). 
FTO|RuP5Me, FTO|RuP5OMe, FTO|RuCP5OMe all exhibit reduction potentials close to 
FTO|RuP and thus should decompose on a similar timescale. Therefore, Ru(III) stability is 
extremely sensitive to functional group such that just a subtle change in bulk from a methyl- 
to a methoxy-group at the 5,5’-positions increases the decomposition rate by 100-1000. As 






Table 5.2. Redox potentials measured in aqueous 0.1 M HClO4 for a series of ruthenium 
sensitizers adsorbed on FTO electrodes. Rate constant and surface coverages of the 
corresponding electrodes following a 4x1 minute electrochemical protocol (see experimental 
details), unless otherwise noted and E1/2 V vs Ag/AgCl.  
FTO|RuL E / (Ru











FTO|RuCP5OMe 1.051 [-0.094] 7.710-3 [1100] 23 90 43 
FTO|RuP5Me a 1.087 [-0.059] 6.910-5 [10] 26 66 5 
FTO|RuP5OMe 1.123 [-0.023] 7.910-3 [1200] 21 94 22 
FTO|RuPphen 1.135 [-0.011] 5.310-3 [770] 27 86 64 
a Experiment time of 12 hours. 
Hydrophobic Effect. Of the initial survey, FTO|RuP4Me was the only sensitizer that 
retained significantly more material than FTO|RuP and other analogous compounds in a 12-
hour period (%ret = 34 vs. 20 %ret on average). Suspecting a hydrophobic effect for the 
enhanced retention, FTO|RuPtBubpy was investigated as the 4,4’-di-tert-butyl groups would 
increase the hydrophobicity of the RuP fragment significantly. The kd was found to be very 
similar to other FTO|RuLs systems (Table 1) with limited chemical decomposition (5 
%cdm), consistent with its reduction potential (1.008 V). Retention of FTO|RuIIIPtBubpy 
(33 %ret) was not better than FTO|RuIIIP4Me (34 %ret) but a more significant effect was 
observed for the retention of the FTO|RuIIPtBubpy (99 %ret vs 82 %ret (FTO|RuIIP4Me)).  
Ligand rigidity. Class 1 and 2 decomposition products are formed via partial or 
complete ligand substitution of the non-adsorbed ancillary ligands. With 2,2’-bipyridine 
derivatives, this decomposition must necessarily undergo a 21 isomerization to generate 
Class 1 decomposition products while complete ligand loss, presumably via RuII(2-p-
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bpy)(2-bpy)(1-bpy)(X), result in Class 2 decomposition products. We anticipated that 
geometrically restricting the C-C rotation using 1,10-phenanthroline (phen) would greatly 
enhance the stability of complexes by preventing one decomposition mechanism (Figure 
5.25). To the contrary, decomposition of FTO|RuPphen is nearly 3-orders of magnitude 
faster than its 2,2’-bipyridine analog (FTO|RuPphen: kd = 5.310-3 s-1; FTO|RuP: kd = 
6.910-6 s-1; Table 5.2). The reduction potentials of FTO|RuP and FTO|RuPphen are nearly 
identical, yet there is a dramatically different rate of decomposition.  
Distinguishing Loss Mechanisms. In all cases, %ret + %cdm  100 when the 
complexes E1/2 is <1.39 V. At least two electrochemically silent conversions (e.g. eq. 5.2b 
and eq. 5.2c) are responsible for the difference and are indistinguishable electrochemically 
(Scheme 5.1). These proposed processes are distinct in that one completely desorbs the 
sensitizer from the surface (eq. 5.2b), opening adsorption sites, while the second leads to p-
bpy still present at the surface (eq. 5.2c). In an unsophisticated approach, reloading the 
electrodes with an electrochemically active complex should indicate the extent to which free 














Scheme 5.1. Oxidatively induced decomposition pathways leading to loss of the 
electrochemically active redox couples from the FTO electrode. Desorption of RuIIIL leads 
to a surface that can be reloaded with new RuLs while dissociation of the ruthenium 
fragment blocks loading sites on the electrode surface. Note that decomposition products that 
are analyzable via electrochemistry are represented in Figure 5.2 (left).   
 
Therefore, several FTO|RuLs were subjected to an applied potential for a time 
sufficient to decompose the majority of the sensitizer and these electrodes were then placed 
into a loading solution of RuP for 18 hours. Figure 5.6 shows the cyclic voltammograms for 
two extreme examples, FTO|RuP4OMe and FTO|RuP3. FTO|RuP4OMe exhibited a 
significant uptake of RuP (~50%max) and ~90% surface coverage was recovered 
(49%max(RuP) + 40%ret(RuP4OMe)). At the other extreme, only 24% (12%max(RuP) + 
12%ret(RuP3)) of surface coverage was recovered when a similar procedure was used on 
FTO|RuP3. A FTO|RuP electrode oxidized for 6 hour (33%ret) reloaded to 79%max, 
whereas FTO|RuP2 oxidized for 2.5 hour (33%ret(RuP2)), reloaded to 59%max 
(40%max(RuP) + 19%ret(RuP2)). FTO|RuPCF3, FTO|RuPBpz, and FTO|RuP5OMe also 
reloaded to 25-30%max (RuL + RuP) when soaked in RuP for 18 hours.  
From these data, complete or nearly complete ligand-based chemical decomposition 
(FTO|RuL  FTO|RuL-CDMs + FTO|p-bpy) occurred with complexes with high E1/2 
approaching or exceeding 1.39 V (FTO|RuP3, FTO|RuPCF3, FTO|RuPBpz), and sterically 
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driven loss (FTO|RuP5OMe), while the primary loss mechanism is desorption (FTO|RuL  
FTO| + RuL) in complexes with E1/2 < 1.10 V.  
 
 
Figure 5.6. Cyclic voltammograms of FTO|RuP4OMe (a) and FTO|RuP3 (b) before (red) 
the applied potential and after (green) bulk electrolysis experiments (tapp = 6 and 2 hours, 
respectively) leading to desorption and decomposition. Surfaces are then soaked for 18 hours 
in a solution of RuP and cyclic voltammograms (purple) are recorded again to estimate the 




To gain further evidence for the two mechanisms at stake for the ligand-based 
chemical decomposition, we decided to replace the bare FTO electrode with a nanoscopic 
indium doped tin oxide thin film, nanoITO, electrode (Figures 5.26-5.48). The surface area 
of nanoITO allowed an increase in the surface coverage and changes in the visible absorption 
to be monitored before, upon, and after oxidation. Furthermore, XPS analysis on nanoITO 
surfaces sensitized with ruthenium complexes allowed for better signal/noise ratios than 
when FTO was used. XPS as well as changes in the MLCT maximum are gathered in Table 
5.3 (Figures 5.49-5.59).    
Table 5.3. Atomic distribution (normalized to ruthenium) of Ru, N, and P for indicated 
systems on nanoITO before and after a 12-hour, unless otherwise noted, applied potential, 
Eapp, hold past their E1/2. Eapp = 1.5 V (vs. Ag/AgCl) unless otherwise noted. The values in 
parentheses indicate the expected values based on the molecular structure. The absorbance at 
the MLCT maximum before and after Eapp hold for the indicated period of time are also 
gathered. 
System E1/2  
(V vs Ag/AgCl) 
Ru N  P  Abs at 
MLCT 
 
RuP4OMe  0.913 1 6.8 (6) 2.0 (2) 0.72 
RuP4OMe (post Eapp hold)  1 8.3 2.8 0.72 
RuP5OMe  1.125 1 6.1 (6) 1.9 (2) 1.39 
RuP5OMe (post Eapp hold)  1 8.0 2.8 0.56 
RuP5OMe + p-bpya  1 14.7 8.3 0.26 
RuP  1.145 1 6.0 (6) 1.8 (2) 2.18 
RuP (post Eapp hold)  1 7.7 2.4 1.08 
RuP3 1.216 1 6.0 (6) 6.3 (6) 0.40 
RuP3 (post Eapp hold)  1 14.5 13.3 0.18 
RuPbpz >1.62b 1 11.9 (10) 2.1 (2) 1.01 
RuPbpz (post Eapp hold)c  1 19.8 6.2 0.48 
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a In that case, nanoITO was loaded for 10 minutes with RuP5OMe, followed by the overnight 
loading of 4,4′-((HO)2(O)P)2bpy “P-bpy”. b The potential is estimated from CV data of 
FTO|RuPbpz. c Held at 1.9 V (vs. Ag/AgCl) for 6 hours.   
 
The nitrogen and phosphorous ratio obtained by XPS before oxidation were all in 
agreement with the expected ratio based on the molecular structure. After 12 hours oxidation, 
this ratio was affected to different magnitudes. For nanoITO|RuP4OMe, a very slight 
increase was observed, while the absorbance at the MLCT max before and after oxidation 
remained unchanged. Changing the substituents from the 4,4’-position to the 5,5’-position, 
i.e. nanoITO|RuP5OMe resulted in significantly different results. Indeed, the nitrogen and 
phosphorous ratio remained almost unchanged but the absorption drastically decreased to 
reach 40% of its initial value, i.e. from 1.39 pre-oxidation to 0.56 post-oxidation. A similar 
observation was made for nanoITO|RuP where 50% of the initial absorption value remained 
after 12 hours of oxidation. In the case of nanoITO|RuP3 and nanoITO|RuPbpz, both 
surfaces exhibited a decrease in their MLCT absorption accompanied by a drastic increase in 
their nitrogen and phosphorous ratio relative to ruthenium. 
 
5.3 Discussion 
The electrochemical stability of 18 ruthenium(II) sensitizers were investigated to 
assess the factors that influence the decomposition of the sensitizers in DSSCs or DSPECs 
devices. The study was performed under conditions that should simulate the harsh conditions 
where oxidized sensitizers are not rapidly regenerated to their original oxidation state. 
Factors that were investigated include the redox potential of these sensitizers as well as 
structural factors such as ligand rigidity, bulkiness and hydrophobicity/hydrophilicity. 
Surface coverage dependency, as well as XPS and spectroelectrochemistry, further allowed 
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to tease out, at least partially, the different pathways involved in the decomposition 
mechanisms.  
Electrochemical effects. Data gathered in Figure 5.5 allowed for the extrapolation of 
three different regimes that were operative at potentials centered around 1.10 V and 1.39 V 
(vs Ag/AgCl). Sensitizers that possessed a redox potential greater than 1.39 V vs Ag/AgCl 
degraded 2-3 orders of magnitude faster than all other sensitizers. The trends observed in 
Figure 5.5 and Tables 5.1-5.2 clearly indicate that by lowering the sensitizer reduction 
potentials, kd will slow, %cdm will decrease, and the sensitizers Ru(III) stability will 
increase. Whereas d6 Ru(II) analogues are coordinatively stabilized by dπ-pπ back-bonding, 
d5 Ru(III) has weaker back-bonding and, consistent with the expected high-oxidation state 
sensitizer coordination chemistry, enhances ligand substitution relative to Ru(II). 
Additionally, the formation of FTO|RuL-CDPs is effectively shut down by using a strong 
donor ligand like 4,4’-(MeO)2-2,2’-bipyridine. Other loss process(es) (via eq. 5.2b and eq. 
5.2c) are also still important because of the overall ret percentage is smaller than 100% 
(Table 5.1). Furthermore, something fundamental is occurring at a Ru(III/II) potential around 
1.10 V where decomposition begins to occur more rapidly. At 1.10 V vs Ag/AgCl (1.33 V vs 
NHE), it could be that the sensitizers have sufficient overpotential, (~150 mV) driving force, 
to appreciably affect non-catalytic water oxidation by the ruthenium center, which is 
consistent with the formation of Class 2 FTO|RuL-CDPs.  
Decomposition to FTO|p-bpy becomes a more important process than desorption as 
the FTO|RuL Ru(III/II) reduction potential approaches the 1.39 V chemical decomposition 
threshold, but only after the Ru(III/II) potential is past 1.10V. Below the 1.10 V threshold, 
desorption, not decomposition to FTO|p-bpy, is the primary loss mechanism. With 
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FTO|RuP4OMe, ~80% ((100%max(RuP4OMe) -  40%ret(RuP4OMe))/49%max(RuP)) of 
the lost sensitizer was accounted for with the re-adsorption of RuP.  
Moving the sensitizer to nanoITO essentially eliminates the loss due to desorption for 
compounds that do not significantly decompose (i.e. compounds with E1/2 <1.1 V). For 
example, application of a 1.5 V (vs Ag/AgCl) applied potential to nanoITO|RuP4OMe for 
12 hours resulted in nearly identical CV surface coverages (%ret >95), UV-Vis absorbances, 
and XPS spectra and indicates that net-desorption is essentially non-existent with the 
mesoporous structure (Figure 5.7a). Whereas desorption from FTO|RuP4OMe results in 
loss of the desorbed sensitizer to the bulk solution, re-adsorption of diffusing RuP4OMe 
must be playing a significant role in enhancing the unprecedented stability of the sensitizer to 





Figure 5.7. (a) CV overlay of FTO|RuP4OMe (left) and nanoITO|RuP4OMe (right) before 
applying a 1.5 V potential (green) and after applying a 1.5 V potential for 12 hours (blue). (b) 
CV overlay of FTO|RuP5OMe (left) before (black) and after applying a 1.5 V potential for 4 
minutes (red) and nanoITO|RuP5OMe (right) before applying a 1.5 V potential (black) and 
after applying a 1.5 V potential for 12 hours (red). CVs on nanoITO were collected with a 
scan rate of 25 mV/s with a window of 0 to 1.7 V in aqueous 0.1 M HClO4. FTO|RuL scan 
rate = 100 mV/s from 0 to 1.5 V.  
   
However, only chemical decomposition according to eq. 5.2a and eq. 5.2c is taking 
place on nanoITO for complexes with E1/2’s larger than the 1.1 V threshold. For example, 
there is a significant difference in electrochemically active CDPs when comparing 
FTO|RuP5OMe to nanoITO|RuP5OMe (Figure 5.7b; %cdm = 22 (FTO; after 4 min 
applied potential) vs. 60 (nanoITO; after 12 hours applied potential)). This observation is 
supported by XPS (Table 5.3). The phosphorous-to-nitrogen-to-ruthenium ratio remained 
almost unchanged after the 12-hour applied potential experiment for nanoITO|RuP5OMe 
and nanoITO|RuP, alike.  
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The lower visible absorbance data are attributed to 1) less sensitizer resulting from 
chemical decomposition and 2) low molar absorptivities in the RuL-CDPs MLCT bands. 
Considering that RuL desorption to bulk solutions is shut down (as demonstrated with 
nanoITO|RuP4OMe and low absorption spectra of the bulk solutions following the 12 hours 
experiment), the enhanced production of nanoITO|RuP5OMe-CDPs may be the result of 1) 
re-adsorption of freely diffusing RuP5OMe followed by decomposition, 2) a re-adsorption 
of RuP5OMe-CDPs, or 3) a combination of both.  
Drastic increases in XPS phosphorous-to-nitrogen-to-ruthenium ratio indicates that 
compounds with very high Ru(III/II) E1/2’s rapidly undergo chemical decomposition at their 
non-adsorbed bpy ligands to generate electrochemically active CDPs (Eqn 2a) but eventually 
undergo adsorbed ligand substitution-loss to nanoITO|p-bpy + {Ru(L)22+} according to Eqn 
3b. For example, in nanoITO|RuP3, the experimentally determined XPS Ru:N:P ratio, 
1:6.0:1.8, is very close to the theoretical value of 1:6:2. After 12 hours of oxidation, this ratio 
rises to 1:14.5:13.3, meaning that 4,4′-((HO)2(O)P)2-2,2′-bipyridine, or its decomposition 
products,29 remains grafted on the surface while the Ru center is lost to solution. Note that a 
similar process leading to the formation of TiO2|(HOOC)2-bpy has been observed, where the 
adsorbed carboxylated-bpy ligand remains adsorbed to the surface while the Ru-fragment 
decomposes into the solution.30 The same analysis holds for nanoITO|RuPbpz.  
Therefore, over the timescale of the experiment, complexes with redox potentials just 
above the 1.1 V threshold (i.e. RuP and RuP5OMe) maintain their kinetically controlled 
distribution of chemical decomposition products resulting from the substitution of non-
adsorbed ligands while complexes with higher redox potentials (i.e. RuP3 and RuPbpz) are 
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fluxional enough – due to the increased ligand labilization associated with higher potentials – 
to eventually undergo scission of the adsorbed phosphonated ligand from Ru.  
Broader approaches to stabilizing sensitizers on oxides surfaces have been the subject 
of numerous studies. The incorporation of long-chain substituted ligands may not be 
desirable because they significantly lower the driving force for photo-electrosynthetic 
processes. More versatile methodologies including poly(methyl methacrylate) (PMMA)31 
and fluoro-polymer overlayers,32 electropolymerization,24, 33 and atomic layer deposition 
(ALD)34-38 are at the forefront of many DSSC/DSPEC studies and have been designed to 
eliminate entropic dissociation pathways. An alternative strategy that might prevent complete 
desorption would be the use of diazonium compounds, as recently reported.39 These types of 
compounds were shown to be stable in a wide variety of conditions, and lead to covalent 
bonds between the surface and the sensitizer. In the end, this should prevent full desorption 
of the sensitizer but it is yet unclear the extent to which it would prevent chemical 
decomposition.  
Structural Effects. Several structural parameters have been taken into account to 
assess the overall stability of the sensitizer’s monolayer. The substituents in the 5,5’-position 
of the 2,2’-bipyridine ligands exhibited a greater effect than when the same substituents were 
introduced in the 4,4’-positions. This observation was striking for FTO|RuP5OMe and 
FTO|RuCP5OMe that were both lost ~100 times faster than their respective 4,4’-analogues, 
FTO|RuP4OMe and FTO|RuCP4OMe, upon oxidation to Ru(III). Although very important, 
such an effect was expected because the steric influence should be more pronounced at the 
5,5’- or 6,6’-positions as compared to the 4,4’-positions. These data point to a bulkiness limit 
that a Ru(III) sensitizer can withstand at the 5,5’-positions and that the decomposition 
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pathways are likely modified once this limit is passed. Thus, repulsion between the FTO 
surface and bulky ligands, and possibly intra-ligand repulsion, increases the chemical 
decomposition rate constants, k2b and k2c, such that the electrochemically silent reactions (eq. 
5.2b and eq. 5.2c) are favored over the pathway to FTO|RuP-CDPs (eq. 5.2a). Nonetheless, 
the ~100 times increase in decomposition rate for the 5,5-OMe derivatives was almost 
negligible when the 5,5’-Me derivatives were used and indicates that such an increase in 
decomposition rates for the 5,5-OMe derivatives might not solely be due to increasing bulk. 
Different decomposition pathways could also be envisioned due to the stronger Lewis 
basicity of these 5,5’-OMe oxygen atoms as compared to those in 4,4’-OMe. For instance, 
protonation induced decomposition or methoxy-to-quinone chemical transformations could 
also participate in additional decomposition pathways. At this stage, all of the 
aforementioned pathways could contribute to the overall decomposition and will be the 
subject of future studies.   
Important data were obtained from the overall rigidity of the ligand by comparing 
FTO|RuPphen and FTO|RuP.  The decomposition of the 1,10-phenanthroline complex 
occurred 3-orders of magnitude faster than the 2,2’-bipyridine system. Given the similar 
redox potential, it is suggested that the observed effects are sterically driven. Presumably, the 
induced steric interaction between the {RuII(phen)2} fragment and the FTO surface or 
neighboring RuPphen sensitizers serves as the driving force for loss of 1) RuII(phen)2(p-
bpy)(X)n+ or 2) {RuII(phen)2(X)2m+}, neither of which are electrochemically detectible under 
these experimental conditions but both of which require that FTO|p-bpy must remain on the 
electrode surface.40   Alternatively, it could be that 2,2’-bipyridine exhibits more degrees of 
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freedom and is therefore able to accommodate the oxidation changes to a greater extent than 
the 1,10-phenanthroline analogue.  
Hydrophobicity seemed to have only a limited influence on the overall stability of the 
sensitizer in its oxidized form. Indeed, retention of FTO|RuIIIPtBubpy was nearly identical 
as FTO|RuIIIP4Me but a more significant effect was nonetheless observed for 
FTO|RuPtBubpy in its reduced form. Very recently, Mulyana et al. reported on [Ru(4,4’-
nonyl-2,2’-bipyridine)(P)] that exhibited stability in alkaline pH, a phenomenon that is 
unusual for phosphonate anchoring groups that tend to hydrolyze from the surface at pHs 
greater than 7.41 Overall, the structural effects seem to indicate that steric bulk and rigidity of 
the ligand play more important roles on the stability of the sensitizer’s oxidized form than 
does the hydrophobicity. Decreased solubility of the sensitizer in water might also help 
improve the overall stability of the adsorbed layer. 
5.4 Conclusions 
A series of ruthenium(II) sensitizers have been probed by electrochemistry, UV-
visible spectroscopy, and XPS to investigate key factors affecting the stability of oxidized 
sensitizers as a model for long-term DSSC and DSPEC behavior. In all cases, Ru(II) forms 
are more stable than their oxidized forms but desorption is still often observed. Oxidation to 
Ru(III) greatly accelerates the sensitizer loss via oxidatively induced ligand substitution (i.e. 
chemical decomposition) and desorption processes. Chemical decomposition to 
electrochemically-active CDPs (i.e. where substitution occurs at the non-adsorbed ligands) 
strongly correlates to the sensitizer’s Ru(III/II) redox potential. Chemical decomposition is 
effectively inconsequential when the sensitizer’s Ru(III/II) redox potential is below 1.10 V 
and complete above 1.39 V vs Ag/AgCl. Complete adsorbed ligand substitution is 
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electrochemically indistinguishable from desorption but a simple reloading method and XPS 
data collected on nanoITO|RuL samples indicates that all processes are occurring for 
complexes with reduction potentials between 1.10 V and 1.39 V. Changing the steric 
environment of the 4,4’-positions is inconsequential while introducing substituents in the 
5,5’-position resulted in faster decomposition. Restricting the geometry of the ligands 
accelerates decomposition, possibly by forcing decomposition to occur at the adsorbed 
ligand-metal bond rather than non-adsorbed 1,10-phenanthroline groups.  
While the chemical decomposition of Ru based sensitizers can be effectively 
eliminated by moving toward electron rich ligand sets, desorption still plays a limiting role 
and methods to prevent this loss-mechanism represent a key challenge for optimizing device 
longevity on FTO electrodes. A tradeoff between these two processes must be considered: is 
FTO|RuPtBubpy better than FTO|RuP4OMe with slightly more decomposition but 
enhanced retention? Part of the tradeoff of minimizing chemical decomposition comes at the 
cost of lowering the driving force for the DSSC/DSPEC devices; the relationship between 
redox potential and kd or %cdm presented in this chapter implies a fundamental limit for the 
use of these Ru coordination complexes for DSPECs where high potentials are necessary to 
drive water oxidation but will intrinsically contribute to faster sensitizer decomposition. 
Hence, the results obtained here point towards the necessity of synthesizing new sensitizers 
with increasing stability in their oxidized form. Importantly, re-adsorption processes in 
nanocrystalline environment serve to mitigate the limiting desorption effects of a planar 
electrode environment and, in the case of nanoITO|RuP4OMe, very nearly approaches the 
three criteria we set forth for an ideal electrochemically stable sensitizer: %ret = 100, a 
%cdm = 0, and a kd = 0 s-1.  
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All-in-all, key design features that will optimize the operational lifetime for Ru-based 
sensitizers in DSSCs and DSPECs include: minimizing time spent in the oxidized form, 
incorporating electron donating groups, maximizing hydrophobicity, and minimizing 
molecular bulk near the adsorbed ligand.  
5.5 Experimental 
5.5.1 General Considerations 
CD3OD and D2O were obtained from Cambridge Isotopes Laboratories Inc. Solvents 
were used as received from Fisher Scientific. The following ligands were prepared according 
to literature methods: 5,5’-dimethoxy-2,2’-bipyridine,42 2,2’-bipyrazine,43 4,4’-dibromo-2,2’-
bipyridine,44 4,4’-trifluoromethyl-2,2’-bipyridine,45 2,2’-bipyridine-4,4’-diphosphonic 
acid,46-47 2,2’-bipyridine-4,4’-dimethylenephosphonic acid,48. The following complexes we 
prepared according to literature methods: poly-Ru(1,4-cyclooctadiene)Cl2,49 
[Ru(phen)2Cl2],50 Ru(MeObpy)(bz)(Cl)].Cl,51, [Ru(bpz)2Cl2]52  RuP,12 RuP2,12  RuP3,12  
RuCP,12  RuCP2,12  RuCP3,12  RuP4Me,46 RuP5Me,33 RuP4OMe,46 RuPtBubpy,53 
RuPBr,46 RuPCF3.54 See Figure 5.3 for associated structures. All other reagents and 
solvents were obtained from commercial sources and used without further purification.  
5.5.2 Electrode preparation 
Fluorine-doped tin oxide was purchased in sheets from MTI Corporation (Tech 15) 
and cut to individual electrodes of dimensions: 1.0 cm wide x 3.0-4.0 cm tall. FTO electrodes 
were cleaned by sonicating twice in isopropanol (iPrOH) for 20 minutes, twice in deionized 
H2O for 20 minutes, and then air dried. Nanoparticle, mesoporous indium doped tin oxide, 
nano-ITO, was prepared according to previously published procedures.55-56 0.10-0.25 mM 
sensitizer solutions in aqueous 0.1 M HClO4 acid were prepared by first dissolving the 
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sensitizer in deionized water, followed by the addition of the appropriate amount of 70% 
HClO4 (99.999% metal basis). RuPtBubpy and RuP3 were only slightly soluble in acidic 
water and hence was loaded on FTO or nano-ITO from methanol or acetonitrile solutions. 
Solutions of the complexes were stored in a drawer (i.e. a dark place) during loading and 
long-term storage to prevent light induced ligand substitution.  
FTO surfaces were loaded by submerging the cut electrodes into sensitizer solutions 
for overnight or several days. Any precipitated, non-chemisorbed, or loosely adsorbed 
species were removed to achieve full mono-layer surface coverage according to the following 
procedure: 1) rinsing the electrodes with ~15 mL of methanol, 2) sonicating the electrodes 
for 3 minutes in a vial containing MeOH, 3) rinsing with an additional ~15 mL MeOH and 4) 
carefully air drying with compressed air. In the case of FTO|RuPtBubpy, the samples were 
sonicated for one hour in N,N-dimethylformamide, rinsed with 15 mL MeOH, and carefully 
air dried.  
nanoITO electrodes were immersed in sensitizer solutions for at least 3h and rinsed 
with copious amounts of MeOH and then carefully dried with compressed air. The electrodes 
were not sonicated due to degradation of the nanoITO thin films. 
5.5.3 Electrochemistry  
Electrochemical measurements were conducted with CH Instruments 760D 
potentiostats or a Pine Wavedriver 10 Potentiostat/Galvanostat System in a 3-compartment 
glass cell separated by medium or fine-porosity frits to prevent interference from Cl- leaching 
from the reference electrode. The reference electrode and platinum counter electrode were 
placed in each of the outermost compartments, while the electroactive face of the FTO 
electrode was positioned toward the counter electrode. A RE-5B Ag/AgCl Reference 
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Electrode with Flexible Connector (BASi model number MF-2052) or a CH Instruments, Inc. 
CHI111 Ag/AgCl Reference Electrode with porous Teflon tip was used as the reference in 
aqueous solutions. Unless otherwise noted, all potentials are vs. Ag/AgCl (+0.215 V vs. 
NHE). 0.1 M HClO4 (aq) was used as the electrolytic solutions unless otherwise noted. 
5.5.4 Electrochemical Stability Protocol  
For sensitizers that survived 12 hours of oxidation: the electrochemical protocol 
previously developed to monitor the behavior of FTO|RuP as a function of time was 
utilized.23 Specifically, the modified electrodes were placed in the central compartment of the 
3-compartment cell, described above, followed by: 1) A series of 3 CV scans (0.0 V to 1.5 V; 
sweep rate: 100 mV/s) to equilibrate the electrode prior to recording the initial 
voltammogram. A single CV scan (0.0 V to 1.5 V; sweep rate: 100 mV/s) was then collected 
as time 0 in time-dependent experiments. 2) An applied potential, Eapp, hold of 1.5 V vs. 
Ag/AgCl was applied for 30 minutes. 3) A single CV scan from 0.0 V to 1.5 V at a sweep 
rate of 100 mV/s was recorded. The 30 min Eapp holds followed by single-cycle CV sequence 
was repeated 23 additional times with the total time held at 1.5 V of 12 hours. The cycling 
process was automated by using a macro program written into the CHI760D software. 
Overlays of CV traces are not adjusted for current density for ease of plotting. 
An identical procedure was followed for rapidly decomposing/desorbing sensitizers 
but applied potential times and applied potentials were modified to suit the particular 
sensitizer. Usually, the electrodes were subjected to an applied potential for 1 minute, 4 times 
as these produced similar %ret as RuL’s surviving the 12 hour protocol. For these 
compounds, the first anodic scan of each displayed only the E1/2 corresponding to the 
sensitizer while the return cathodic scan, and subsequent scans, produced FTO|RuL-CDPs. 
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The applied potential of 1.65 V was used for FTO|RuPCF3 (E1/2 = 1.44 V) to ensure rapid 
and complete oxidation in accordance with the Nernst equation.  
5.5.5 Surface coverages ()  
Surface coverages, Г in moles/cm2, were determined from CV measurements by 
using eq. 5.6. In eq. 5.6, n is the number of electrons transferred per redox site (moles e-), F 
is the Faraday constant (96,485 C/mol), A is the area of the electrode (cm2), and QEp,c is the 
integrated charge for the cathodic surface Ru(III/II) wave from CV measurements.  
Γ =
,  (5.6) 
5.5.6 Loss rate constant (kd)  
The loss rate constant, kd, has been reported previously and is elaborated briefly 
herein.23 kd was obtained by monitoring the surface coverage obtained from integrating the 
cathodic wave (eq. 5.6) in a cyclic voltammagram collected every 30 minutes over the course 
of a 12h applied potential (1.5V vs Ag/AgCl) experiment, unless otherwise noted. The 
surface coverage-time plots are satisfactorily fit with the biexponential decay function shown 
in eq. 5.7 and have very low residual errors (r2 >0.99 in nearly all cases). The results of the 
multi-exponential analysis were represented by a single rate constant. The rate constant 
describing the surface coverage decrease for the initial Ru(III/II) wave, kd, is obtained by 
calculating the weighted average lifetime (⟨τ⟩) using eq. 5.8. In eq. 5.8, Ai and τi are the 
amplitudes and lifetimes of component i. 
𝑘 =  𝐴 𝑒 + 𝐴 𝑒  (5.7) 
= 〈𝜏〉 =   (5.8) 
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The kd value reflects the combined decrease in surface coverage by loss from the 
surface and all chemical decomposition (electrochemically active and silent). It also provides 
a reference for comparing the effect of solution conditions on the total rate of decrease of 
RuIIL on the surface.  
By use of the weighted average, the rate law simplifies to a first order reaction (i.e. 
rate = kdRuL). Thus, the units of kd are s-1 to give rates in units of concentration per time 
(mol·cm-2·s-1). 
5.5.7 Nuclear Magnetic Resonance  
Characteristic NMR spectra were obtained at room temperature on a Bruker Avance 
500 MHz spectrometer. Solvent residual peaks were used as internal standards for 1H (δ = 
3.31 ppm for CD3OD and 4.79 for D2O) chemical shift referencing. NMR spectra were 
processed using MNOVA (Figures 5.60-5.64). 
5.5.8 Mass Spectrometry  
Samples were analyzed with a hybrid LTQ FT (ICR 7T) (ThermoFisher, Bremen, 
Germany) mass spectrometer. Samples were introduced via a micro-electrospray source at a 
flow rate of 3 µL/min. Xcalibur (ThermoFisher, Breman, Germany) was used to analyze the 
data. Each mass spectrum was averaged over 200 time domains. Electrospray source 
conditions were set as: spray voltage 4.7 kV, sheath gas (nitrogen) 3 arb, auxiliary gas 
(nitrogen) 0 arb, sweep gas (nitrogen) 0 arb, capillary temperature 275 ºC, capillary voltage 
35 V and tube lens voltage 110 V. The mass range was set to 150-2000 m/z. All 
measurements were recorded at a resolution setting of 100,000. Solutions were analyzed at 
0.1 mg/mL or less based on responsiveness to the ESI mechanism. Low-resolution mass 
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spectrometry (linear ion trap) provided independent verification of molecular weight 
distributions (Figures 5.65-5.70). 
5.5.9 UV-Vis Absorption Spectroscopy  
UV-Vis absorption spectra were recorded on a Varian Cary 60 UV-Vis 
spectrophotometer with 1 nm resolution. For thin film slides, the samples were positioned at 
a 45-degree angle in quartz cuvettes with the FTO, solvent, and nanoITO background-
subtracted. 
5.5.9 Protocol for nanoITO Electrolysis and XPS Samples 
 All nanoITO samples were dyed from 0.1 M HClO4 (aq) solution, except for RuP3 
from acetonitrile, for 12 hours prior to testing. Samples were presoaked in fresh 0.1 M HClO4 
(aq) solution for at least 1h before electrochemical evaluation. Control samples for XPS that 
did not undergo electrochemistry were rinsed with copious amounts of methanol, then 
carefully dried with compressed air. 
Electrochemical measurements were conducted on a BAS 100B potentiostat in a 
three-electrode setup, with the nanoITO sample as the working electrode, a RE-5B Ag/AgCl 
reference electrode with flexible connector (BASi model number MF-2052), and a platinum 
mesh counter electrode. Cyclic voltammetry was utilized before and after bulk electrolysis 
with a scan rate of 0.025 V s-1. For bulk electrolysis, samples were held at 1.5 V vs Ag/AgCl 
for 12 hours except for RuPCF3 (1.7 V for 6 hours) and RuPbpz (1.9 V for 6 hours). After 
bulk electrolysis, nanoITO slides were rinsed with copious amounts of methanol, then dried 
carefully with compressed air. These samples were then evaluated using XPS. The UV-Vis 




5.5.10 X-Ray Photoelectron Spectroscopy (XPS)   
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra-
DLD spectrometer (Kratos Analytical Ltd., Manchester, UK) with a base pressure of 5 x 10-9 
Torr equipped with a monochromatic Al K alpha source and a charge neutralizer. Survey and 
high-resolution spectra were taken with pass energies of 80 eV and 20 eV, respectively. 
Binding energies (BE) were found using BE=284.6 eV for C1s as a reference. 
5.5.11 Microwave Reaction System 
 Microwave reactions were carried out in an Anton Parr Monowave 300 microwave 
reactor. Typical conditions operate to reach the desired temperature in 3 to 5 minutes and are 
held at this temperature for a specific amount of time. After reaction, the system is cooled 
using a nitrogen flow to reach a temperature of 55 °C.  
5.5.12 Synthesis of [Ru(5,5’-MeObpy)2Cl2] 
Poly-Ru(1,4-cyclooctadiene)Cl2 (500 mg, 1.78 mmol) and 5,5’-dimethoxy-2,2’-
bipyridine (808 mg, 3.74 mmol) are heated at reflux for two hours in 5 mL of o-
dichlorobenzene. After reaction, the mixture is brought to room temperature and poured in 
200 mL of diethylether. The precipitate is collected by filtration, washed with diethylether 
and dried under vacuum. [Ru(5,5’-MeObpy)2Cl2] was obtained in an 87% yield and was used 
without further purification.  
5.5.13 Synthesis of [RuP5OMe] 
[Ru(5,5’-MeObpy)2Cl2] (110 mg, 0.18 mmol) and 2,2’-bipyridine-4,4’-diphosphonic 
acid (64 mg, 0.20 mmol) were suspended in 20mL of a 1:1 EtOH/H2O mixture. The reaction 
mixture was heated at 160 °C for 20 minutes in a sealed microwave reaction vessel. After 
reaction, the mixture was taken to dryness. The residue was dissolved in water, filtered and 
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the filtrate was loaded on a size exclusion chromatography (LH20) column. Elution was 
performed using water as the eluent. The major orange band was taken to dryness and the 
residue was triturated with diethylether and filtered. The title compound was obtained as an 
orange powder (103 mg, 62%). 1H NMR (500 MHz, CD3OD) δ 8.92 (d, J = 12.7 Hz, 2H), 
8.48 (dd, J = 9.2, 4.9 Hz, 4H), 7.98 (dd, J = 5.7, 3.2 Hz, 2H), 7.73 (qd, J = 10.0, 4.3 Hz, 6H), 
7.28 (d, J = 2.7 Hz, 2H), 7.23 (d, J = 2.7 Hz, 2H), 3.82 (s, 6H), 3.78 (s, 6H). HRMS (ESI-
MS) m/z: [M]2+ Calcd for C34H34N6O10P2Ru 425.0428; Found 425.0431. 
5.5.14 Synthesis of [RuCP5OMe] 
[Ru(5,5’-MeObpy)2Cl2] (100 mg, 0.17 mmol) and 2,2’-bipyridine-4,4’-
dimethylenephosphonic acid (63 mg, 0.18 mmol) were suspended in 20mL of a 1:1 
EtOH/H2O mixture. The reaction mixture was heated at 160 °C for 20 minutes in a sealed 
microwave reaction vessel. After reaction, the mixture was taken to dryness. The residue was 
dissolved in water, filtered and the filtrate was loaded on a size exclusion chromatography 
(LH20) column. Elution was performed using water as the eluent. The major orange band 
was taken to dryness and the residue was triturated with diethylether and filtered. The title 
compound was obtained as an orange powder (90 mg, 56%). 1H NMR (500 MHz, CD3OD) δ 
8.65 (s, 2H), 8.47 (dd, J = 9.3, 2.5 Hz, 4H), 7.74 (d, J = 5.8 Hz, 2H), 7.70 (td, J = 8.9, 2.7 Hz, 
4H), 7.44 (d, J = 6.0 Hz, 2H), 7.26 (dd, J = 2.7, 1.7 Hz, 4H), 3.81 (s, 6H), 3.76 (s, 6H), 3.33 
(d, J = 16.5 Hz, 4H). [M]2+ Calcd for C36H38N6O10P2Ru 439.0584; Found 439.0588. 
5.5.15 Synthesis of [RuCP24OMe] 
[Ru(MeObpy)(bz)(OTf)].OTf (217 mg, 0.313 mmol) and 2,2’-bipyridine-4,4’-
dimethylenephosphonic acid (225 mg, 0.654 mmol) were suspended in 40mL of a 1:1 
EtOH/H2O mixture. The reaction mixture was heated at 160 °C for 20 minutes in a sealed 
190 
 
microwave reaction vessel. After reaction, the mixture was taken to dryness. The residue was 
dissolved in water, filtered and the filtrate was loaded on a size exclusion chromatography 
(LH20) column. Elution was performed using water as the eluent. The major orange band 
was taken to dryness and the residue was triturated with a minimum amount of acetonitrile, 
filtered and washed with diethylether. The title compound was obtained as an orange powder 
(200 mg, 49%). 1H NMR (500 MHz, D2O) δ 8.36 (brs, 4H), 7.84 (brs, 2H), 7.68 (brs, 4H), 
7.58 – 7.46 (m, 2H), 7.19 (m, 4H), 6.85 (brs, 2H), 3.87 (s, 6H), 3.42 – 3.03 (m, 8H). HRMS 
(ESI-MS) m/z: [M]2+ Calcd for C36H40N6O14P4Ru 503.02982; Found 503.02837. 
5.5.16 Synthesis of [Ru(phen)2(P-ester)] 
[Ru(phen)2Cl2] (80 mg, 0.15 mmol) and 2,2’-bipyridine-4,4’-diphosphonic ester (70 
mg, 0.1 mmol) were dissolved in 10 mL of EtOH. The reaction mixture was heated at 160 °C 
for 30 minutes in a sealed microwave reaction vessel. After reaction, the mixture was taken 
to dryness. The residue was dissolved in methanol, filtered and the filtrate was loaded on a 
size exclusion chromatography (LH20) column. Elution was performed using methanol as 
the eluent. The major orange band was taken to dryness and the residue was triturated with 
diethylether and filtered. The title compound was obtained as an orange powder (75 mg, 
52%). 1H NMR (500 MHz, CD3OD) δ 8.90 (d, J = 12.0 Hz, 2H), 8.77 (d, J = 8.2 Hz, 2H), 
8.67 (d, J = 8.2 Hz, 2H), 8.39 – 8.27 (m, 6H), 7.99 (d, J = 5.2 Hz, 2H), 7.90 (dd, J = 8.3, 5.2 
Hz, 2H), 7.80 (dd, J = 5.7, 3.0 Hz, 2H), 7.67 (dd, J = 8.3, 5.2 Hz, 2H), 7.57 (dd, J = 11.1, 5.6 
Hz, 2H), 3.94 (p, J = 7.1 Hz, 4H (hydroysis of two ester groups)), 1.23 (t, J = 7.1 Hz, 6H 
(hydroysis of two ester groups)). HRMS (ESI-MS) m/z: [M]2+ Calcd for C38H34N6O6P2Ru 
417.0529; Found 417.0536. 
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5.5.17 Synthesis of [RuPphen] 
[Ru(phen)2P-ester] (45 mg, 0.041 mmol) was suspended if 4 mL of anhydrous 
acetonitrile. Trimethylsilyl bromide (60 μL, 0.45 mmol) was added in a dropwise fashion. 
The reaction mixture was then stirred at 70 °C for 12 hours. After reaction, the mixture was 
brought to room temperature and 1 mL of methanol was added. The solvent was then 
removed under reduced pressure and triturated with diethylether to yield the title compound 
as a red powder (37 mg, 96%). 1H NMR (500 MHz, CD3OD) δ 8.94 (d, J = 13.4 Hz, 2H), 
8.79 (d, J = 8.3 Hz, 2H), 8.68 (d, J = 8.2 Hz, 2H), 8.33 (q, J = 8.9, 7.0 Hz, 6H), 7.99 (t, J = 
4.7 Hz, 4H), 7.91 (dd, J = 8.3, 5.2 Hz, 2H), 7.70 (dd, J = 8.2, 5.2 Hz, 2H), 7.64 (dd, J = 12.2, 
5.6 Hz, 2H). HRMS (ESI-MS) m/z: [M]2+ Calcd for C34H26N6O6P2Ru 389.0216; Found 
389.0222. 
5.5.18 Synthesis of [Ru(bpz)2(P-ester)] 
[Ru(bpz)2Cl2] (50 mg, 0.1 mmol) and 2,2’-bipyridine-4,4’-diphosphonic ester (55 mg, 
0.13 mmol) were placed in a microwave reaction vessel containing 5 mL of a 1:1 EtOH/H2O 
mixture. The reaction mixture was heated at 160 °C for one hour. After reaction, the mixture 
was brought to room temperature and filtered on a fine porosity frit. The filtrate was 
evaporated under reduced pressure and the residue was purified on a size exclusion 
chromatography (LH20) column using methanol as eluent. The main orange band was 
collected, evaporated and the residue was quickly purified on an Al2O3 column using 
CH3CN/H2O 9:1 as the eluent. Purification through Al2O3 column resulted in hydrolysis of 
one ester group of each -PO3Et2 moiety. The product was obtained as an orange powder (71 
mg, 77%). 1H NMR (500 MHz, CD3OD) δ 10.00 (d, J = 1.1 Hz, 4H), 8.91 – 8.86 (m, 2H), 
8.69 (dd, J = 8.7, 3.2 Hz, 4H), 8.03 (dd, J = 3.2, 1.2 Hz, 2H), 7.94 (dd, J = 3.2, 1.2 Hz, 2H), 
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7.84 (dd, J = 5.7, 3.1 Hz, 2H), 7.72 (m, 2H), 3.96 (p, J = 7.2 Hz, 4H), 1.26 (t, J = 7.1 Hz, 
6H). HRMS (ESI-MS) m/z: [M]2+ Calcd for C30H30N10O6P2Ru 395.0434; Found 395.0439. 
5.5.19 Synthesis of [RuPbpz] 
[Ru(bpz)2(P-ester)]2+.2Cl- (45 mg, 0.049 mmol) was dissolved in 4 mL of anhydrous 
acetonitrile. Trimethylsilyl bromide (52 μL, 0.39 mmol) was added in a dropwise fashion. 
The reaction mixture was then stirred at 70 °C for 12 hours. After reaction, the mixture was 
brought to room temperature and 1 mL of methanol was added. The solvent was then 
removed under reduced pressure and triturated with diethylether to yield the title compound 
as an orange powder (41 mg, 94%). 1H NMR (500 MHz, D2O) δ 9.83 – 9.75 (m, 4H), 8.82 – 
8.76 (m, 2H), 8.58 (m, 4H), 7.98 (dd, J = 3.4, 1.2 Hz, 2H), 7.94 (dd, J = 3.4, 1.3 Hz, 2H), 
7.79 (dd, J = 5.7, 3.1 Hz, 2H), 7.63 (m, 2H). HRMS (ESI-MS) m/z: [M]2+ Calcd for 
C26H22N10O6P2Ru 367.01212; Found 367.01059. [M-H+Na]2+ Calcd for C26H21N10NaO6P2Ru 
378.0031; Found 378.0012. [M-2H+2Na]2+ Calcd for C26H20N10Na2O6P2Ru 388.9941; Found 
388.9925. 
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5.7 Additional Content 
 
Figure 5.8. Left columns: sequential CV overlay for indicated chromophores in in 0.1M 
HClO4 (100 mV/s scan rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) 
applied potential. Right columns: plot of the cathodic peak current as a function of time for 
couples at the indicated potentials. The first row of figures corresponds to FTO|RuP, the 
second to FTO|RuP2, and the third to FTO|RuP3.   
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Table 5.4. Calculated k1,ET  values for the FTO|RuL series.  
















FTO|RuP5OMe not determined b 
FTO|RuCP5OMe not determined b 
FTO|RuPbpz not obtainable c 
a FTO|RuPCF3 rapidly decomposed at fast scan rates but was able to survive scan rates of 
300, 400, 500, and 800 V/s, which allowed for k1,ET; b complete decomposition observed at 
high scan rates prevented k1,ET determination; c no redox couples were observable at any scan 
rate due to rapid chemical decomposition. 
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Equation y = a + b*x
Adj. R-Square 0.96784
Value Standard Error
C Intercept -1.35129 0.18934
C Slope 0.67625 0.07079
 
Figure 5.9. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP on FTO in 
0.1 M HClO4.  

















Equation y = a + b*x
Adj. R-Square 0.9661
Value Standard Error
C Intercept -1.16281 0.16621
C Slope 0.57795 0.06214
 
Figure 5.10. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP2 on FTO in 
0.1 M HClO4.  
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Equation y = a + b*x
Adj. R-Square 0.98402
Value Standard Error
C Intercept -2.59128 0.25263
C Slope 1.28708 0.09445
 
Figure 5.11. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP3 on FTO in 
0.1 M HClO4.   
 
















Equation y = a + b*x
Adj. R-Squ 0.97226
Value Standard Er
C Intercep -1.255 0.16428
C Slope 0.6327 0.06142
 
Figure 5.12. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuCP on FTO in 
0.1 M HClO4.   
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Equation y = a + b*x
Adj. R-Square 0.98017
Value Standard Error
C Intercept -1.75786 0.19634
C Slope 0.89689 0.0734
 
Figure 5.13. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuCP2 on FTO 
in 0.1 M HClO4. 
   
 



















Equation y = a + b*x
Adj. R-Square 0.97638
Value Standard Error
C Intercept -1.63422 0.20025
C Slope 0.83697 0.07486
 
Figure 5.14. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuCP3 on FTO 






















Equation y = a + b*x
Adj. R-Square 0.94905
Value Standard Error
C Intercept -3.48104 0.59956
C Slope 1.69044 0.22415
 
Figure 5.15. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuCP4OMe on 
FTO in 0.1 M HClO4.  




















Equation y = a + b*x
Adj. R-Square 0.9818
Value Standard Error
C Intercept -2.51791 0.27193
C Slope 1.29729 0.10166
 
Figure 5.16. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuCP24OMe on 






















Equation y = a + b*x
Adj. R-Square 0.98675
Value Standard Error
C Intercept -2.92406 0.25755
C Slope 1.44246 0.09629
 
Figure 5.17. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP4Me on FTO 
in 0.1 M HClO4.   
 


















Equation y = a + b*x
Adj. R-Square 0.97618
Value Standard Error
C Intercept -2.70614 0.32263
C Slope 1.34284 0.12062
 
Figure 5.18. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP4OMe on 






















Equation y = a + b*x
Adj. R-Square 0.98534
Value Standard Error
C Intercept -2.21138 0.21268
C Slope 1.13189 0.07951
 
Figure 5.19. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuP5Me on FTO 
in 0.1 M HClO4.   
 
 



















Figure 5.20. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuPtBuBpy on 






















Equation y = a + b*x
Adj. R-Square 0.97601
Value Standard Error
C Intercept -2.09986 0.25102
C Slope 1.04093 0.09385
 
Figure 5.21. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuPBr on FTO 
in 0.1 M HClO4.   
 


















Equation y = a + b*x
Adj. R-Square 0.97818
Value Standard Error
C Intercept -2.1936 0.24593
C Slope 1.07033 0.09194
 
Figure 5.22. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuPphen on 
FTO in 0.1 M HClO4.  
203 
 



















Equation y = a + b*x
Adj. R-Square 0.89498
Value Standard Error
C Intercept -1.29475 0.37324
C Slope 0.7192 0.13954
 
Figure 5.23. Laviron plot of Ep-E1/2 versus the log of the scan rate for FTO|RuPCF3 on FTO 
in 0.1 M HClO4. Note: despite numerous attempts FTO|RuPCF3 did not survive the attempts 
to collect a full range of scan rate data. However, it was able to survive rapid scanning at 300, 















Figure 5.24. (a) Sequential CV overlay of FTO|RuCP in 0.1M HClO4 (100 mV/s scan rate; 
01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (b) Overlay of 
FTO|RuCP the CV collected prior to oxidation (black trace) and the CV collected at 12 h 
(red trace). Note: these are the first and last CVs from (a). (c) Sequential CV overlay of 
FTO|RuCP2 in 0.1M HClO4 (100 mV/s scan rate; 01.5V) collected every 30 minutes of 
1.5V (vs. Ag/AgCl) applied potential. (d) Overlay of FTO|RuCP2 the CV collected prior to 
oxidation (black trace) and the CV collected at 12 h (red trace). Note: these are the first and 
last CVs from (c). (e) Sequential CV overlay of FTO|RuCP3 in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (f) 
Overlay of FTO|RuCP3 the CV collected prior to oxidation (black trace) and the CV 
collected at 12 h (red trace). Note: these are the first and last CVs from (e). Note the 
enhanced redox couple broadening moving from FTO|RuCP (B)  FTO|RuCP2 (D)  
FTO|RuCP3 (f). The broadening has previously been attributed to chemical decomposition of 
the methylene groups of 4,4′-((HO)2(O)PCH2)2-2,2′-bipyridine.    
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Figure 5.25. Possible FTO|RuPphen Rotation Accelerated Decomposition Pathways as 





























































 Solution absorbance at end of experiment.
 
Figure 5.26. (top) Cyclic voltammogram of nano-ITO|RuP (25 mV/s scan rate; 0 to 1.7 V vs 
Ag/AgCl) before oxidation of nano-ITO film (black) and after 12 h of 1.5 V vs Ag/AgCl 
applied potential (red). (bottom, left) UV-vis absorption spectra of nano-ITO|RuP before and 
after 12 h oxidation. (bottom, right) UV-vis absorption spectrum of solution after 12 h 
oxidation and subsequent CV scan. 






















































 Solution absorbance at end of experiment
 
Figure 5.27. (top) Cyclic voltammogram of nano-ITO|RuP3 (25 mV/s scan rate; 0 to 1.7 V vs 
Ag/AgCl) before oxidation of nano-ITO film (black) and after 12 h of 1.5 V vs Ag/AgCl 
applied potential (red). (bottom, left) UV-vis absorption spectra of nano-ITO|RuP3 before and 
after 12 h oxidation. (bottom, right) UV-vis absorption spectrum of solution after 12 h 
oxidation and subsequent CV scan. 




























































 Solution absorbance at end of experiment
 
Figure 5.28. (top) Cyclic voltammogram of nano-ITO|RuPCF3 (25 mV/s scan rate; 0 to 1.8 
V vs Ag/AgCl) before oxidation of nano-ITO film (black) and after 6 h of 1.7 V vs Ag/AgCl 
applied potential (red). (bottom, left) UV-vis absorption spectra of nano-ITO|RuPCF3 before 
and after 6 h oxidation. (bottom, right) UV-vis absorption spectrum of solution after 6 h 































































 Solution absorbance at end of experiment
 
Figure 5.29. (top) Cyclic voltammogram of nano-ITO|RuP5OMe (25 mV/s scan rate; 0 to 
1.7 V vs Ag/AgCl) before oxidation of nano-ITO film (black) and after 12 h of 1.5 V vs 
Ag/AgCl applied potential (red). (bottom, left) UV-vis absorption spectra of nano-
ITO|RuP5OMe before and after 12 h oxidation. (bottom, right) UV-vis absorption spectrum 






















































 Solution absorbance at end of experiment
 
Figure 5.30. (top) Cyclic voltammogram of nano-ITO|RuP4OMe (25 mV/s scan rate; 0 to 
1.7 V vs Ag/AgCl) before oxidation of nano-ITO film (black) and after 12 h of 1.5 V vs 
Ag/AgCl applied potential (red). (bottom, left) UV-vis absorption spectra of nano-
ITO|RuP4OMe before and after 12 h oxidation. (bottom, right) UV-vis absorption spectrum 
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 Solution absorbance at end of experiment
 
Figure 5.31. A) Cyclic voltammogram of nano-ITO|RuPbpz (25 mV/s scan rate; 0 to 1.4 V 
vs Ag/AgCl) before oxidation of nano-ITO film (black), subsequent CV from 0 to 1.9 V vs 
Ag/AgCl (red), and after 6 h of 1.8 V vs Ag/AgCl applied potential (blue). B) UV-vis 
absorption spectra of nano-ITO|RuPbpz before and after 6 h oxidation. C) UV-vis absorption 
spectrum of solution after 6 h oxidation and subsequent CV scan. 
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Figure 5.32. (top) Sequential CV overlay of FTO|RuP in 0.1M HClO4 (100 mV/s scan rate; 
01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, left) 
The black trace is the CV collected prior to oxidation and the red trace is the CV collected at 
12 h (i.e. these are the first and last CVs from (top)). Note: this is the same figure as that used 
in the manuscript Figure 5.1. (bottom, right) Control experiment: CV overlays of FTO|RuP 
collected every 12h without an applied potential. The inset shows the surface coverage as a 
function of time.   
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Figure 5.33. (top) Sequential CV overlay of FTO|RuP2 in 0.1M HClO4 (100 mV/s scan rate; 
01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, left) 
The black trace is the CV collected prior to oxidation and the red trace is the CV collected at 
12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control experiment: the 
black trace is the CV collected at time 0 and the red trace is the CV collected after sitting 
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Figure 5.34. (top) Sequential CV overlay of FTO|RuP3 in 0.1M HClO4 (100 mV/s scan rate; 
01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, left) 
The black trace is the CV collected prior to oxidation and the red trace is the CV collected at 
12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control experiment: the 
black trace is the CV collected at time 0 and the red trace is the CV collected after sitting 
undisturbed in solution, without an applied potential, for 12 h.   
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Figure 5.35. (top) Sequential CV overlay of FTO|RuP4Me in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, 
left) The black trace is the CV collected prior to oxidation and the red trace is the CV 
collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 
















































Figure 5.36. (top) Sequential CV overlay of FTO|RuP4OMe in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, 
left) The black trace is the CV collected prior to oxidation and the red trace is the CV 
collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 



















































Figure 5.37. (top) Sequential CV overlay of FTO|RuCP4OMe in 0.1M HClO4 (100 mV/s 
scan rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. 
(bottom, left) The black trace is the CV collected prior to oxidation and the red trace is the 
CV collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 
after sitting undisturbed in solution, without an applied potential, for 12 h.    
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Figure 5.38. (top) Sequential CV overlay of FTO|RuCP24OMe in 0.1M HClO4 (100 mV/s 
scan rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. 
(bottom, left) The black trace is the CV collected prior to oxidation and the red trace is the 
CV collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 





























































Figure 5.39. (top) Sequential CV overlay of FTO|RuPtBuBpy in 0.1M HClO4 (100 mV/s 
scan rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. 
(bottom, left) The black trace is the CV collected prior to oxidation and the red trace is the 
CV collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 
after sitting undisturbed in solution, without an applied potential, for 12 h.    
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Figure 5.40. (top) Sequential CV overlay of FTO|RuPBr in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, 
left) The black trace is the CV collected prior to oxidation and the red trace is the CV 
collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 
after sitting undisturbed in solution, without an applied potential, for 12 h.  
















































Figure 5.41. (top) Sequential CV overlay of FTO|RuP5Me in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, 
left) The black trace is the CV collected prior to oxidation and the red trace is the CV 
collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 
























































Figure 5.42. (top) Sequential CV overlay of FTO|RuP5OMe in 0.1M HClO4 (100 mV/s scan 
rate; 01.65V) collected every minute for 4 minutes of 1.5V (vs. Ag/AgCl) applied 
potential. (bottom, left) The black trace is the CV collected prior to oxidation and the red 
trace is the CV collected at 4 minutes (i.e. these are the first and last CVs from (top)). 
(bottom, right) Control experiment: the black trace is the CV collected at time 0 and the red 
trace is the CV collected after sitting undisturbed in solution, without an applied potential, for 
4 minutes. Cycling past the E1/2 is responsible for the small amount of decomposition in the 4 
minute scan.   
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Figure 5.43. (top) Sequential CV overlay of FTO|RuPCF3 in 0.1M HClO4 (100 mV/s scan 
rate; 01.65V) collected every minute for 4 minutes of 1.65V (vs. Ag/AgCl) applied 
potential. (bottom, left) The black trace is the CV collected prior to oxidation and the red 
trace is the CV collected at 4 minutes (i.e. these are the first and last CVs from (top)). 
(bottom, right) Control experiment: the black trace is the CV collected at time 0 and the red 
trace is the CV collected after sitting undisturbed in solution, without an applied potential, for 
4 minutes. Note: the first scan is used as the initial CV here due to rapid decomposition past 
the Ep,a. Cycling past the E1/2 is responsible for the small amount of decomposition in the 4 
minute scan.    
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Figure 5.44. (top) Sequential CV overlay of FTO|RuPCF3 in 0.1M HClO4 (100 mV/s scan 
rate; 01.65V) collected every minute for 10 minutes of 1.65V (vs. Ag/AgCl) applied 
potential. (bottom, left) The black trace is the CV collected prior to oxidation and the red 
trace is the CV collected at 10 minutes (i.e. these are the first and last CVs from (top)). 
(bottom, right) Control experiment: the black trace is the CV collected at time 0 and the red 
trace is the CV collected after sitting undisturbed in solution, without an applied potential, for 
10 minutes. Note: the first scan is used as the initial CV here due to rapid decomposition past 
the Ep,a. Cycling past the E1/2 is responsible for the small amount of decomposition in the 10 




















Figure 5.45. Repetitive CVs of a FTO|RuPCF3 slide collected starting approximately 2 
minutes after 10 minutes of applied potential (1.65 V); the black trace with nearly equal 
coverages at 0.2 and 0.4 V is the last trace collected ~2 minutes before repetitive scans were 
collected. Note that the Ep,a at 1 V is presumably a combination of mono-perchlorate 
(FTO|Ru(p-bpy)(2-4,4’-(CF3)2-bpy)(1-4,4’-(CF3)2-bpy)(OClO3); Ep,c = 1V) and aquo- 
(FTO|Ru(p-bpy)(2-4,4’-(CF3)2-bpy)(1-4,4’-(CF3)2-bpy)(OH2); Ep,c = 0.7V) complexes 
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Figure 5.46. The black trace in (top) and (bottom, left) are CVs from 0 to 1.4 V of 
FTO|RuPbpz. The blue trace in (top) is the first cycle from 0  1.75  0V and back. 
Chemical decomposition rapidly occurs but only after passing through the FTO|RuPbpz 
reduction potential (E1/2 >1.45V) of the complex. The red CV in (bottom, left) is the second 
CV. (bottom, right) Repetitive CV overlay of FTO|RuPbpz in 0.1M HClO4 (100 mV/s scan 
rate) were collected by cycling from 0 to 1.75 V. The perchlorate (Ep,a = 1.1V; Ep,c = 1.1V) to 
aquo (Ep,a = 1.1V; Ep,c = 0.7V) conversion is rapid and similar to FTO|RuPCF3. Note: no 
applied potential was required to achieve oxidative decomposition.   
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Figure 5.47. (top) Sequential CV overlay of FTO|RuPphen in 0.1M HClO4 (100 mV/s scan 
rate; 01.5V) collected every 30 minutes of 1.5V (vs. Ag/AgCl) applied potential. (bottom, 
left) The black trace is the CV collected prior to oxidation and the red trace is the CV 
collected at 12 h (i.e. these are the first and last CVs from (top)). (bottom, right) Control 
experiment: the black trace is the CV collected at time 0 and the red trace is the CV collected 






Figure 5.48. Figure outlining all of the presumed decomposition pathways for FTO|RuL 





Figure 5.49. XPS spectra of RuP4OMe on nanoITO. Spectrum on the top represent the full 
survey scan while spectra at the bottom represent high-resolution measurements for the 




Figure 5.50. XPS spectra of RuP4OMe on nanoITO following a 12 h oxidation protocol. 
Spectrum on the top represent the full survey scan while spectra at the bottom represent high-





Figure 5.51. XPS spectra of RuP on nanoITO. Spectrum on the top represent the full survey 
scan while spectra at the bottom represent high-resolution measurements for the indicated 





Figure 5.52. XPS spectra of RuP on nanoITO following a 12 h oxidation protocol. Spectrum 
on the top represent the full survey scan while spectra at the bottom represent high-resolution 
measurements for the indicated elements. 




Figure 5.53. XPS spectra of RuP3 on nanoITO. Spectrum on the top represent the full survey 
scan while spectra at the bottom represent high-resolution measurements for the indicated 





Figure 5.54. XPS spectra of RuP3 on nanoITO following a 12 h oxidation protocol. Spectrum 
on the top represent the full survey scan while spectra at the bottom represent high-resolution 





Figure 5.55. XPS spectra of RuP5OMe on nanoITO. Spectrum on the top represent the full 
survey scan while spectra at the bottom represent high-resolution measurements for the 








Figure 5.56. XPS spectra of RuP5OMe on nanoITO following a 12 h oxidation protocol. 
Spectrum on the top represent the full survey scan while spectra at the bottom represent high-






Figure 5.57. XPS spectra of RuP5OMe co-loaded with P-bpy on nanoITO. Spectrum on the 
top represent the full survey scan while spectra at the bottom represent high-resolution 






Figure 5.58. XPS spectra of RuPbpz on nanoITO. Spectrum on the top represent the full 
survey scan while spectra at the bottom represent high-resolution measurements for the 







Figure 5.59. XPS spectra of RuPbpz on nanoITO following a 12 h oxidation protocol. 
Spectrum on the top represent the full survey scan while spectra at the bottom represent high-





Figure 5.60. 1H NMR spectra of [Ru(CP2OMe)]2+.2TfO- recorded in D2O at room 
temperature at 500 MHz.   
 
Figure 5.61. 1H NMR spectra of [RuP5OMe)]2+.2Cl- recorded in CD3OD at room 




Figure 5.62. 1H NMR spectra of [RuCP5OMe)]2+.2Cl- recorded in CD3OD at room 
temperature at 500 MHz. 
 
Figure 5.63. 1H NMR spectra of [Ru(phen)2(P-ester)]2+.2Cl- recorded in CD3OD at room 




Figure 5.64. 1H NMR spectra of [Ru(phen)2(P-ester)]2+.2Br- recorded in CD3OD at room 
temperature at 500 MHz. 
   
 
Figure 5.65. High-resolution mass spectra of [RuP5OMe]. 
  
 

































Figure 5.67. High-resolution mass spectra of [RuCP24OMe].   








































































Figure 5.68. High-resolution mass spectra of [Ru(phen)2(Pester)]. 
   
 
Figure 5.69. High-resolution mass spectra of [RuPphen].   
T: FTMS + p ESI Full ms [150.0000-2000.0000]






































































































Figure 5.70. High-resolution mass spectra of [Ru(bpz)2(Pester)]. 
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CHAPTER 6: An Insulating Al2O3 Overlayer Prevents Lateral Hole Hopping Across 
Dye-Sensitized TiO2 Surfaces5 
 
6.1 Introduction 
Storage of solar energy in chemical bonds through the photocatalytic conversion of 
inexpensive and abundant feedstocks to what have been termed ‘solar fuels’ represents a 
promising strategy.1–10 One approach to solar fuel production is the dye-sensitized 
photoelectrosynthesis cell that utilizes wide band gap semiconducting metal oxide 
nanocrystallites interconnected in a mesoporous thin film with surface anchored dyes and 
catalysts.11–14 In this approach, the excited state of the chromophore injects charge into the 
semiconductor and then subsequently transfers a redox equivalent to the catalyst that 
ultimately drives the multi-electron transfer reactions necessary for solar fuel production.15 
Dye-sensitized photoelectrosynthesis cells for splitting water16–18 or hydrohalic acids19–21 
have been reported as well as for CO2 reduction.22 In some of these reports, the chromophore 
and catalyst were covalently linked providing an intramolecular transfer pathway for the 
redox equivalents.15,23 In others, the chromophore and catalyst were co-anchored to the same 
surface and the redox equivalents were hence transferred intermolecularly.24–26 While the co-
anchored assembly of chromophores and catalysts is often more straightforward, it was 
recently shown that the same intermolecular pathways that activate the catalyst can also 
 
5This chapter was previously published in the ACS Applied Materials & Interfaces. Reprinted with permission 
from Brady, M. D.; Troian-Gautier, L.; Motley, T. C.; Turlington, M. D.; Meyer, G. J. An Insulating Al2O3 
Overlayer Prevents Lateral Hole Hopping Across Dye-Sensitized TiO2 Surfaces. ACS Appl. Mater. Interfaces 
2019, 11 (30), 27453-27463. Copyright 2019 American Chemical Society. 
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provide a pathway for the unwanted charge recombination reactions.27 In this last chapter, 
insulating oxide overlayers are shown to be a useful tool for controlling lateral intermolecular 
electron transfer which is often called hole hopping.   
After excited-state injection into anatase TiO2, it was often thought that the oxidizing 
equivalent remained fixed at the injection site.28 Time-resolved absorption anisotropy 
measurements later showed that this was not the case.27,29,30 An anisotropic subpopulation of 
oxidizing equivalents, or holes, can be generated by photoselection of the randomly oriented 
chromophores on nanocrystallites with linearly polarized light. In the absence of 
chromophore or nanoparticle diffusion, as is the case with sintered nanoparticles and surface-
bound chromophores, the anisotropic distribution should experience little change. However, 
when chromophores undergo hole hopping across the surface of the nanocrystallites, 
polarization-dependent absorbance changes can reveal anisotropy decays, which provides 
information on the self-exchange dynamics across the nanocrystallite surface. These studies 
revealed that the oxidizing equivalent can be transported laterally by hole hopping, Scheme 
6.1 (top panel).  
Related hole hopping processes have been initiated with an applied potential in a 
standard electrochemical cell,31 Scheme 6.1 (lower panel). Remarkably, all the 
chromophores within the mesoporous thin film can be reversibly oxidized provided that the 
surface coverage exceeds a percolation threshold of about 60% the saturation value.31–33 An 
advantage of hole hopping is that it provides a means for transporting charge without a loss 
in free energy. Hole hopping has been exploited to transfer redox equivalents directly to the 
counter electrode in dye-sensitized solar cells that do not contain a redox mediator34 and for 
activation of water oxidation catalysts.29 Hole hopping has also been found to be deleterious 
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in some cases. Chromophores that participated in fast hole hopping recombined with injected 
electrons more rapidly, presumably because hole hopping enhanced encounters between the 
oxidized chromophore and the injected electron.27,35–37 In addition, the activation of a water 
oxidation catalyst to the Ru(IV)=O state only occurred when the chromophore surface 
coverage was below the percolation threshold for hole hopping. At higher surface coverages, 
the high valent metal oxo Ru(IV)=O was not produced due to charge recombination mediated 
by lateral hole hopping reactivity.23 Hence, there is good reason to identify the factors that 
control hole hopping, particularly at anatase TiO2 interfaces.  
Scheme 6.1. The top panel shows lateral hole hopping between an oxidized (green) and 
ground state chromophore (orange) after excited state injection into TiO2. The lower panel 
shows that a potential applied to the fluorine doped tin oxide (FTO) substrate of a saturation 
surface coverage mesoporous thin film in a standard electrochemical cell can result in 
complete oxidation of all the chromophores within the film by lateral hole hopping.    
 
  
Recently, atomic layer deposition (ALD) of insulating oxide overlayers has emerged 
as a powerful technique to inhibit desorption of molecular chromophores and catalysts from 
metal oxide surfaces.38–44 The enhanced stabilization is particularly noteworthy under neutral 
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and alkaline aqueous conditions. Interestingly, the chromophores buried under the oxide 
overlayers are known to inject electrons into the TiO2 when illuminated with light.39,44 
Previous results had demonstrated a decrease in the electrochemical diffusion rate with 
increasing ALD overlayer thickness.38 However, a direct comparison between the effects of 
overlayers on photo- and electrochemically-induced hole hopping had not been explored 
previously. 
Herein, a series of three RuII polypyridyl chromophores surface-immobilized on 
mesoporous TiO2 nanocrystallite thin films were investigated with and without Al2O3 
overlayers, Scheme 6.2. These chromophores were chosen for their high molar absorption 
coefficient absorption bands in the visible region, high excited-state injection yields, tunable 
formal reduction potentials competent for mediated water oxidation, high stability in adjacent 
redox states, and known self-exchange behavior.45,46 Systematic studies of hole hopping were 
conducted with chronoabsorptometry and transient anisotropy measurements. It was revealed 
that the insulating overlayers inhibited potential- and light-induced hole hopping, but still 









Scheme 6.2. The three RuII chromophore structures that differed only in the substituents in 
the 4 and 4’ positions. When R = H, the chromophore was abbreviated RuP, R= OCH3 was 
likewise Ru(OMe)2P, and R= C(CH3)3 was Ru(dtb)2P. Note that when these chromophores 
were anchored to TiO2 this was abbreviated with a |, i.e. TiO2|RuP, and the abbreviation when 
an oxide overlayer was present was TiO2|RuP|Al2O3. 
   
 
 
6.2 Experimental Methods 
 
6.2.1 Materials 
The following solvents and reagents were obtained from the indicated commercial 
suppliers and used without further purification: acetonitrile (CH3CN, Burdick and Jackson, 
Spectrophotometric grade); lithium perchlorate (LiClO4, Sigma-Aldrich, 99.99%); methanol 
(CH3OH, Fisher, OptimaTM);  perchloric acid (HClO4, Alfa Aesar, 70%); titanium(IV) 
isopropoxide (Ti(i-OPr)4, Aldrich, ≥ 97.0%); trimethylaluminum (TMA, 97%, Sigma-
Aldrich);  fluorine-doped tin(IV) oxide-coated glass (FTO, Hartford Glass Co., Inc., 2.3 mm 
thick 15 Ω/sq); nitrogen (N2, Airgas, Ultra High Purity); oxygen (O2, Airgas, ≥ 99.998%); 
and argon (Ar, Airgas, ≥ 99.999%). All other reagents and solvents were ACS grade and 
used without additional purification. The chromophores utilized were available from 
previous studies:46 [Ru(bpy’)2(4,4’-(PO3H2)2-2,2’-bipyridine)]2+, where bpy’ is 4,4’-
256 
 
(C(CH3)3)2-2,2’-bipyridine (Ru(dtb)2P); 4,4’-(CH3O)2-2,2’-bipyridine (Ru(OMe)2P); and 
2,2’-bipyridine (RuP). 
6.2.2 Sensitized Metal Oxide Thin Film  
Transparent TiO2 nanocrystallites (anatase, ~20 nm in diameter) were prepared by 
hydrolysis of Ti(i-OPr)4 using a previously described sol-gel technique.47,48 Mesoporous thin 
films were prepared by doctor blading on a methanol-cleaned FTO glass substrate using 
Scotch tape (~50 μm thick) as a spacer to ensure uniform thickness. The doctor-bladed films 
were covered and allowed to dry at room temperature for 30 min, then sintered under an O2 
atmosphere (~1 atm) for 30 min at 450 ○C, resulting in ~3 μm thick films. These films were 
stored in a ~70 ○C oven until used. 
The thin films were placed into ~ 1 mM aqueous chromophore solutions with 0.1 M 
HClO4 (aq) to allow for surface functionalization. Films reacted for at least 48 h to ensure 
that uniform, saturation surface coverages were achieved. Prior to use, films were rinsed with 
neat CH3CN, then soaked in 0.1 M LiClO4 CH3CN solution for at least 1 h to remove any 
weakly adsorbed molecules from the surface. 
6.2.3 Atomic Layer Deposition 
Atomic layer deposition (ALD) was performed in a commercial reactor (Savannah 
S200, Cambridge Nanotech). Aluminum oxide (Al2O3) was deposited using 
trimethylaluminum (TMA). The reactor temperature was held at 130 ○C while the TMA 
reservoir was kept at room temperature. The TMA was pulsed into the reactor for 0.02 s and 
then held for 30 s before opening the pump valve and purging for 35 s. ALD coating 
conditions were 130 ○C and 20 sccm N2 carrier gas flow rate with a sequence of 0.02 s TMA 
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dose, 30 s hold, 35 s N2 purge, 0.02 s H2O dose, 30 s hold, 35 s N2 purge for 10 cycles, with 
~ 1.1 Å Al2O3 deposited per cycle.49 
6.2.4 UV-Visible Absorption 
All steady-state UV-visible spectra were obtained on an Agilent Cary 60 
spectrophotometer at room temperature in 1.0 cm path length glass cuvettes with the 
functionalized thin films placed along the diagonal at a 45○ angle to the incident probe light. 
6.2.5 Nanosecond Transient Anisotropy 
Nanosecond transient anisotropy measurements were obtained with an apparatus 
similar to that which has been previously described.50 Briefly, samples were pumped with a 
Q-switched, pulsed Nd;YAG laser [Quantel USA (BigSky) Brilliant B; 5-6 ns full width at 
half-maximum, 1 Hz, ~10 mm in diameter] directed 45○ to the film surface and tuned to 532 
nm light with the appropriate nonlinear optics. A 150 W xenon arc lamp (Applied 
Photophysics) served as the probe and was aligned orthogonal to the laser pump excitation 
light. The probe was directed through a ¼ m monochromator (Spectral Energy Corp., GM 
252) before arriving at the sample. For detection on sub-100 μs time scales, the lamp was 
pulsed with 100 V. Detection was achieved in a T format with a monochromator (Spex 
1702/04) optically coupled to a R928 photomultiplier tube (Hamamatsu). Transient data were 
acquired on a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 350 MHz). The 
instrument response was ~10 ns. Typically, 60 laser pulses were averaged at each 
observation wavelength and five to ten identical measurements were taken and averaged to 
help increase the signal-to-noise ratio of the anisotropy data. 
All measurements utilized a Glan-Taylor polarizer (Thorlabs, GL 10-A) for the 
excitation light before the sample (Pex) and a second Glan-Taylor polarizer (Pdet) for the 
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probe beam. For anisotropy measurements, Pex was set to vertical, the same polarization of 
the laser, and Pdet was set to either vertical (V) or horizontal (H). Magic angle and anisotropy 
values were calculated via eq. 6.1 and eq. 6.2,30 respectively 
         (6.1) 
       (6.2) 
 
where VY is the change in absorbance observed with excitation polarization V and detection 
polarization Y = V or H, and r is the anisotropy value. 
6.2.6 Chronoabsorptometry 
Chronoabsorptometry was performed using a BASi Epsilon potentiostat coupled to an 
Agilent Cary 60 spectrophotometer. A standard three-electrode setup was used with the 
functionalized thin films as the working electrode, a Pt mesh counter electrode, and an 
Ag/AgCl pseudoreference electrode. A nonaqueous Ag/AgCl pseudoreference electrode 
(Pine Research Instrumentation, Inc., AKREF0033) was filled with 0.1 M LiClO4/CH3CN 
solution, and the applied potential was referenced to the E1/2 (RuIII/II) of the surface-bound 
chromophore. To quantify DCA, the absorbance at the metal-to-ligand charge transfer 
(MLCT) maximum was monitored while a potential of E1/2 (RuIII/II) + 500 mV was applied, 
with data points collected every 12.5 ms. All chronoabsorptometry studies were performed in 
0.1 M LiClO4/CH3CN solution. 
6.2.7 Data Analysis 
Data fitting was performed in OriginPro 2017, with least-squares error minimization 
achieved using the Levenberg-Marquardt method. The errors reported for fitting parameters 
are the standard errors. 
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6.2.8 Simulations of Anisotropy Data 
Monte Carlo simulations were employed to simulate the random walk anisotropy 
decay observed after vertically-polarized light excitation. The simulation utilized a 20 nm 
spherical nanocrystallite with chromophores spaced at approximately the intermolecular 
distance, δ, extracted from surface coverage (Γ0) measurements, vide infra. The simulated 
chromophores were distributed across the surface of the sphere through an iterative 
Coulomb’s law force minimization, which produced a nearly even chromophore distribution. 
To simulate the low laser power utilized experimentally,36 one hole was generated per 
nanocrystallite for each simulation. The probability of an initial hole being generated at a 
specific location was proportional to cos2φ, where φ is the inclination angle of the vertical 
plane, i.e. vertically polarized light has φ = 0. For each initialization, the excited-state 
chromophore generated after vertically-polarized excitation was assumed to quantitatively 
inject an electron. After formation of the oxidized chromophore, or hole, a random walk 
simulation was performed. For each chromophore, 10,000 random walks consisting of 1000 
iterations were averaged to determine the simulated anisotropy decay as a function of 
iteration step. Self-exchange electron transfer was modeled with an exponential distance 
dependence for the probability of transfer with βtransfer = 1.2 Å-1, as was previously 
determined.46 The anisotropy, r, at any time during the random walk was calculated via eq. 
6.3, where <cos2φ> was the average of the square of the cosine of the inclination angle of the 






With the time per iteration step as the only adjustable parameter, the experimentally 
determined anisotropy decays were modeled directly with the simulated anisotropy decays. 
The best fit with respect to time per iteration was then utilized to determine the resulting self-
exchange rate constant, kMC, for each chromophore. The Monte Carlo simulations were 
performed with Wolfram Mathematica 11.0.1.0 on a PC running an Intel Core i7-4720HQ 
CPU at 2.60 GHz. 
6.3 Results 
The three chromophores were synthesized through a standard microwave procedure 
consistent with previous publication.51 Upon surface binding to TiO2, the chromophores 
retained their characteristic metal-to-ligand charge transfer (MLCT) absorption features 
centered around 460 nm (Figure 6.1). After 10 cycles of Al2O3 were deposited by atomic 
layer deposition (ALD), the absorption features were largely preserved, with some 
broadening of the absorption band displayed beyond 500 nm as has been previously 
observed.39,41 Herein, the oxide interfaces are abbreviated with a |, for example RuP anchored 
to TiO2 is abbreviated TiO2|RuP and if an Al2O3 overlayer is present, TiO2|RuP|Al2O3. 
 
 
Figure 6.1. The visible absorption spectra of the indicated mesoporous dye-sensitized TiO2 
thin films in 0.1 M LiClO4/CH3CN for (a) RuP, (b) Ru(OMe)2P, and (c) Ru(dtb)2P without 




The surface coverage, Γ0, was calculated from eq. 6.4, where AMLCT is the absorbance 
maximum measured at the corresponding wavelength, λMLCT, and εMLCT is the molar 
absorptivity coefficient (M-1 cm-1), which was assumed to retain its value after surface 
binding. The results are summarized in Table 6.1. 
To investigate self-exchange hole hopping rates, chronoabsorptometry experiments 
were conducted utilizing a 100 mM LiClO4/CH3CN electrolyte solution. In these 
experiments, an applied potential step 500 mV more positive than the chromophore E1/2 
(RuIII/II) potential was applied while the spectral changes were monitored as a function of 
time. Kinetics were monitored at the λMLCT and were plotted as the normalized absorbance 
change, ∆A, versus the square root of time, t1/2. Typical data is shown in Figure 6.2. 
Absorbance decreases were observed, consistent with oxidation of the surface-bound 
chromophores. These data were fit to the Anson equation (eq. 6.5), where DCA is the apparent 
diffusion coefficient and d is the film thickness. The Anson equation was previously derived 
using semi-infinite diffusion boundary conditions for molecules undergoing diffusion at 
electrode surfaces.31,32,45 Here, because the chromophores are bound to TiO2 thin films of a 
finite thickness, the data deviate from the predicted linear relationship. However, previous 
results have shown that a linear relationship is maintained for approximately the first 60% of 
the total absorbance change.31,32,45 Therefore, only the first 60% of the total absorbance 
change was fit, Figure 6.2. 
Remarkably, for the sensitized thin films with the ALD Al2O3 overlayer, no 
significant absorption changes attributed to chromophore oxidation were observed upon 





Figure 6.2. Absorption changes monitored at the MLCT absorption maximum after an 
applied potential step 500 mV more positive than the chromophore E1/2 (RuIII/II) potential 
with and without an Al2O3 overlayer. Overlaid in yellow are fits to the Anson equation (eq. 
6.5).   
 
Conversion of the measured diffusion coefficients to a first-order self-exchange 
“hopping” rate constant, kR, required an estimation of the intermolecular distance, δ, between 
the chromophores on the surface. It was assumed that the chromophores were evenly 
distributed within the pore volume of the TiO2 thin film from the measured Γ0. The 
“concentration,” c0, was determined using eq. 6.5, where  is the surface coverage converted 
to concentration in mol cm-3, N is Avogadro’s number, d is the film thickness, and p is the 
porosity, which was assumed to be 60%.52 This c0 concentration was then converted to an 
intermolecular distance with the assumption that the chromophores were in a cubic lattice 
arrangement using , as has been previously done,45,46,53 eq. 6.6. With the δ value, kR was 
calculated for each chromophore using the Dahms-Ruff relation,33,45,54 eq. 6.7. The results 









Table 6.1. Electrochemical and Photophysical Characterization of TiO2|Ru(bpy’)2P in 
CH3CN Electrolyte.   
Chromophore λMLCT 
(nm)a  




 (V vs 
NHE) 
DCA 





RuP 458 (1.20) 1.44 2.1 ± 0.2 1.3 ± 0.2 1.33 ± 0.06 
Ru(OMe)2P 477 (1.18) 1.24 3.7 ± 0.4 1.5 ± 0.1 1.26 ± 0.03 
Ru(dtb)2P 460 (1.40) 1.37 0.21 ± 0.03 1.1 ± 0.1 1.40 ± 0.07 
a Measured in fluid 0.1 M HClO4 (aq) due to low solubility in CH3CN. b Ref. 46. 
Nanosecond transient absorption anisotropy measurements were performed after 
vertically-polarized 532 nm pulsed light excitation (500 μJ/pulse) on TiO2 thin films 
sensitized to saturation surface coverage with each chromophore with and without an Al2O3 
overlayer. An immediate bleach of the MLCT absorption band was observed, consistent with 
instrument response limited electron injection, kinj > 108 s-1, from the excited state of the 
chromophore to the TiO2 acceptor states. Kinetics were monitored at 485 nm for TiO2|RuP 
and TiO2|Ru(dtb)2P and 510 nm for TiO2|Ru(OMe)2P with Pdet set to either vertical (V) or 
horizontal (H). Anisotropy was indeed observed for all three chromophores as VV differed 
significantly from VH. Anisotropy decays were evident as the temporal data coalesced 
beyond 100 μs for all three chromophores prior to the complete recovery of the bleach.  
Sensitized TiO2 thin films with an Al2O3 overlayer were similarly characterized by 
time-resolved anisotropy measurements. More rapid recovery of the bleach on timescales < 
100 ns was also evident for all three chromophores, as well as photoluminescence, consistent 
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with the presence of the MLCT excited state and non-quantitative excited-state injection. In 
the absence of an Al2O3 overlayer, anisotropy decay was present for all three chromophores, 
while in the presence of an Al2O3 overlayer, anisotropy was independent of time. 
The kinetic data were nonexponential under all conditions studied and were instead 
modeled with the Kohlrausch-Williams-Watts (KWW) stretched exponential function, eq. 
6.8, where A0 is the initial amplitude, k is the characteristic rate constant, and β is inversely 
proportional to the width of an underlying Lévy distribution. Beta values in the range of 
0.15-0.2 provided the best fit for all decays. A comparison of the kinetic data for 
TiO2|Ru(dtb)2P and TiO2|Ru(dtb)2P|Al2O3 is shown in Figure 6.3, with the corresponding 
data for the other chromophores found in Figure 6.7 and Figure 6.8. A comparison of the 
initial absorption changes amplitudes with TiO2|RuP in 0.1 M HClO4 as an actinometric 
standard20,55 indicated an excited-state electron injection quantum yields of ~ 0.6 when the 
Al2O3 overlayer was present.  
 
Figure 6.3. The absorption changes monitored at 485 nm after 532 nm pulsed light excitation 
(500 μJ/pulse) of TiO2|Ru(dtb)2P measured with vertical excitation and horizontal (VH) or 
vertical (VV) detection without (a) and with (b) an ALD Al2O3 overlayer. Overlaid in yellow 




The resulting fits of VV and VH to the KWW function were substituted into eq. 6.1 
and eq. 6.2 to calculate the magic angle absorption change and the anisotropy decay, Figure 
6.4. Note that the minor increase in anisotropy observed at longer times in Figure 6.4 is 
likely an artifact that results from the very poor signal-to-noise ratios on the millisecond and 
longer time scales. The magic angle kinetic data were well-modeled by eq. 6.8. 
Measurements at the magic angle (Figure 6.9) provided information on charge 
recombination of the injected electron and oxidized chromophore and an average lifetime, τ, 
was calculated as the first moment of the underlying Lévy distribution eq. 6.9, where k and β 
are the same from eq. 6.7 and Γ is equal to the Gamma function. An average rate constant, 
kMA, was taken as the reciprocal of τ, such that kMA = 1/ τ. The results are summarized in 
Table 6.2.  
 
 
Figure 6.4. Time-dependent anisotropies obtained from fits to the KWW function for (a) 
RuP, (b) Ru(OMe)2P, and (c) Ru(dtb)2P without (blue) and with (red) an Al2O3 overlayer. The 
black dotted line represents the expected anisotropy when no lateral hole hopping occurs.   
 
The transient absorption data, calculated anisotropy with resulting Monte Carlo 
simulation overlaid, and the KWW fit anisotropy data with the Monte Carlo simulation 
overlaid for RuP is given in Figure 6.5. The data for the other chromophores is found in 
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Figure 6.10 and Figure 6.11. The resulting calculated self-exchange rate constants (kMC) for 
each chromophore are summarized in Table 6.2.  
 
Figure 6.5. (a) Absorption changes monitored at 485 nm after 532 nm pulsed light excitation 
(500 μJ/pulse) of TiO2|RuP measured with vertical excitation and horizontal (VH) or vertical 
(VV) detection (b) Experimentally determined anisotropy data with resultant Monte Carlo 
simulation overlaid in red. (c) Calculated anisotropy from KWW fits with Monte Carlo 
simulation overlaid in red.   
 
 
Table 6.2. Calculated Rate Constants and Hole-Transfer Correlation Times.   
Chromophore kMA (s-1)a kMC (105 s-1) kR (105 s-1) θh+ (ms) 
RuP 5000 7 ± 2 7.1 ± 0.7 2.3 
Ru(OMe)2P 44000 5 ± 1 14 ± 1 1.3 
Ru(dtb)2P 420 0.5 ± 0.1 0.65 ± 0.06 4.0 
a kMA = 1/τ from eq. 6.9. 
A rotational hole-transfer correlation time, θ, was determined, which corresponds to 
the anisotropy loss due to lateral hole hopping across the spherical nanocrystallite, eq. 6.10, 
where r(t) is the anisotropy as a function of time and r0 is the initial anisotropy. An averaged 
hole-transfer correlation time, θh+, was again taken as the first moment of the underlying 








Figure 6.6. Calculated anisotropy traces from KWW fits (blue) with fits to eq. 6.10 overlaid 




Lateral hole hopping, or equivalently intermolecular self-exchange electron transfer, 
across nanocrystalline oxide surfaces has been shown to be of value to some solar energy 
conversion schemes and detrimental to others. Kinetic control of hole hopping has been 
realized to some extent through the introduction of bulky substituents on the redox active 
molecules,46 but greater control is needed. In a recent communication the apparent diffusion 
coefficient for hole hopping was found to decrease by a factor of 40 when an Al2O3 overlayer 
was deposited.38 The authors suggested that the slower hole hopping resulted from decreased 
electronic coupling between the chromophores. In this chapter it was found that an ~10 Å 
thick Al2O3 overlayer dramatically impacts lateral hole hopping with a much smaller impact 
on the excited-state injection yield. Below we discuss the observations that led to these 
conclusions, first with dye-sensitized TiO2 and then with the Al2O3 overlayer. The discussion 
concludes with a description of why the overlayer inhibits hole hopping and some 
speculation as to how it might be exploited for practical energy applications.  
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Dye-Sensitized TiO2. The sensitized TiO2 thin films investigated were typical of those 
reported in the vast dye-sensitized solar cell literature.56 Surface coverages of ~ 1 x 10-7 
mol/cm2 were measured, values that many interpret as monolayer coverage.57 When utilized 
as a working electrode in a standard electrochemical cell with a 100 mM LiClO4/CH3CN 
electrolyte, the application of a potential 500 mV positive of the chromophore E1/2 (RuIII/II) 
value resulted in oxidation of the surface anchored chromophores. Anson plots of the 
corresponding absorption change enabled the apparent diffusion constants to be abstracted, 
DCA, which, with some assumptions, provided the self-exchange rate constant for hole 
hopping, kR. The rate constant kR decreases from TiO2|Ru(OMe)2P having the largest (kR 
=1.4 x 106 s-1), followed by TiO2|RuP (7.1 x 105 s-1), and TiO2|Ru(dtb)2P (6.5 x 104 s-1). The 
slower hole hopping for TiO2|Ru(dtb)2P < TiO2|RuP has been previously reported and was 
attributed to weaker electronic coupling induced by the bulky tertiary butyl groups.46 
Light excitation of the chromophores in the same electrolyte resulted in excited-state 
injection with a quantum yield of unity and kinj > 108 s-1 which is consistent with previous 
literature reports.58 The excitation light was vertically polarized resulting in an expected 
preferential creation of oxidized chromophores at the north and south poles of each spherical 
anatase nanocrystallite in the mesoporous thin film. Observations made with polarizers 
oriented vertical, VV and horizontal, VH, to the excitation provided anisotropy decays. A 
larger absorbance change was measured for VV, consistent with an anisotropic distribution of 
oxidized chromophores. The initial anisotropy was less than the 0.4 value expected 
theoretically,59 behavior which has been observed previously for this class of chromophores 
in fluid solution and at TiO2 interfaces, which has been attributed to excitation of multiple 
charge transfer transitions.60–62 The transient VV and VH data coalesced prior to the complete 
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recovery of the ground state, which indicated that the rate constant for hole hopping was 
greater than that for charge recombination. 
Monte Carlo simulations were performed to simulate the expected random-walk 
nature of isoenergetic, self-exchange hole hopping and to extract self-exchange rate 
constants, kMC. This was accomplished by a previously described method with the 
assumption of a 20 nm spherical nanocrystal and chromophores arranged at a minimum 
distance δ that reflected the slightly different surface coverage measured for each 
chromophore.30 With the hopping time as the only adjustable parameter, the measured 
anisotropy decays were well-modeled by the resulting Monte Carlo simulations. The self-
exchange rate constants kMC obtained in this way followed a similar trend as those measured 
after a potential step: TiO2|RuP having the largest (kMC = 7 x 105 s-1), followed by 
TiO2|Ru(OMe)2P (5 x 105 s-1), and TiO2|Ru(dtb)2P (5 x 104 s-1). It is sometimes useful to 
consider an average hopping time of (1.5 μs)-1, (2 μs)-1, and (20 μs)-1 for RuP, Ru(OMe)2P, 
and Ru(dtb)2P, respectively.  
Alternatively, in the biophysics fluorescence literature, a correlation time is 
considered. Fluorescence anisotropy has been widely utilized as a rotational probe in 
biophysical assays.59 However, in the case of surface-bound chromophores, it is not 
rotational diffusion in solution but rather lateral self-exchange translating charge around the 
spherical nanocrystallite that can be probed through an anisotropy assay. Thus, the average 
hole-transfer correlation time, θh+, is taken as the average time for a hole to move one radian 
from the inclination angle along the surface of the spherical nanocrystal, rather than the time 
to rotate one radian in solution. The θh+ values were in good agreement with the calculated 
electrochemically induced self-exchange rate constants (kR), with smaller θh+ values: 
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Ru(OMe)2P (θh+ = 1.3 ms), RuP (2.3 ms), and Ru(dtb)2P (4.0 ms), corresponding to larger kR 
values. 
The values for the self-exchange rate constants obtained by pulsed-light excitation 
and a potential step were in poor agreement for TiO2|Ru(OMe)2P. However, this 
chromophore showed the fastest charge recombination rate constants, providing a smaller 
time period for monitoring hole hopping by anisotropy, which led to a less robust rate 
constant. On the other hand, the values for TiO2|Ru(dtb)2P and TiO2|RuP were within 
reasonable error independent of the method in which the hole hopping was initiated. This is a 
surprising result in itself. Since the light-initiated reactions reported on self-exchange on a 
single nanocrystallite and the potential step data reported on hole hopping through the entire 
mesoporous thin film, one might have anticipated that the values would be quite different. 
For example, hole hopping at the necking regions between the nanocrystallites might be 
slower, resulting in vastly different rate constants. As this was not the case, the kinetic data 
suggests that hole hopping is relatively uniform on a single nanocrystallite and throughout 
the mesoporous film. 
Absorption measurements at the magic angle, which mathematically eliminates 
anisotropic contributions from the observed absorbance changes, provided kinetic 
information on TiO2(e-)|RuIII  TiO2|RuII charge recombination. The extracted charge 
recombination rate constants kMA trend with the hole hopping rate constants. This correlation 
has previously been reported in the literature with other chromophores where those that 
underwent the fastest hole hopping also recombined to ground state products fastest.36 Taken 
together this data indicates that the established mechanism for charge recombination, wherein 
the oxidized chromophore remains fixed at the injection site and the injected electron alone is 
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mobile, is incorrect. In fact, it may be just the opposite, where the injected electron traps at a 
localized site and recombination occurs when the oxidized chromophore approaches this site 
by later hole hopping.  
Dye Sensitized TiO2 with an Al2O3 Overlayer. When an insulating Al2O3 overlayer 
was deposited on the dye-sensitized TiO2 thin films, there was vanishingly little evidence for 
hole hopping. Application of an electrochemical bias 500 mV positive of the chromophore 
E1/2 (RuIII/II) potential resulted in negligibly small absorbance changes (< 5%) attributed to 
some hole transfer near the fluorine doped tin oxide (FTO) substrate that supports the 
mesoporous thin film, even though the chromophores surface coverages greatly exceeded the 
50-60% percolation threshold. While the lack of a significant response to a potential step 
might be explained by a blocking layer at the FTO interface, transient anisotropy 
measurements also revealed no evidence for hole hopping. Pulsed light excitation resulted in 
significant excited-state injection, that was decreased by about 40% from that observed 
without the insulating overlayer. However, kinetics measured at the magic angle and with 
polarizers were within experimental error the same and provided no evidence of hole 
hopping.  
The question then arises, why is lateral hole hopping inhibited with an insulating 
Al2O3 overlayer? An unambiguous answer to this question remains unknown, but previous 
studies of photo-induced electron transfer in rigid media provide a reasonable explanation:  
the outer-sphere reorganization energy for electron transfer increases when ion and solvent 
motion are restricted.63 Indeed, an early assay to determine whether fluorescence quenching 
in chromophore-quencher complexes was due to energy or electron transfer was to freeze it 
in a glass. If the fluorescence recovered the mechanism of quenching was electron transfer; if 
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not, the mechanism was energy transfer, which has a much smaller reorganization energy. 
Studies with a series of porphyrin-quinone complexes provided a more quantitative analysis 
and revealed that an additional 800 meV of driving force was needed to initiate electron 
transfer in a frozen glass relative to fluid solution.64 Photoinduced electron transfer in a rigid 
polymer matrix at room temperature has also shown similar behavior.63 Hence it is likely that 
the Al2O3 overlayer inhibits solvent and/or ions from accessing the chromophores, thereby 
increasing the reorganization energy and preventing hole hopping. 
The proposed increase in outer-sphere reorganization energy would not necessarily 
inhibit excited-state injection because the free energy change is very different. Hole hopping 
occurs with Go = 0, while excited-state injection is activationless when the excited-state 
reduction potential is more than twice the reorganization energy above the semiconductor 
conduction band edge. The ~40% decrease in injection yield may be due to those 
chromophores where injection does have a barrier. In principle, chromophores that are more 
potent photoreductants could show excited-state injection yields near unity when the 
insulating overlayer is present. 
 Implications for Practical Solar Energy Conversion Applications. Uncovering a 
strategy to allow for photoinduced electron injection from a chromophore without subsequent 
self-exchange processes is expected to allow for greater site isolation of chromophores and 
catalysts at the high surface coverages needed for efficient light harvesting. Catalytic 
reactions like water oxidation require the accumulation of multiple redox equivalents on a 
catalyst which often occurs in kinetic competition with unwanted lateral self-exchange-
mediated recombination chemistry.65,66 While decreasing catalyst surface coverage below 
percolation thresholds has been shown to inhibit this self-exchange chemistry,23 this strategy 
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can limit catalysis at high light intensities. Hence, an insulating overlayer may be a promising 
strategy as it allows for saturation surface coverages that preserve excited-state injection and 
inhibit unwanted recombination pathways. 
An idealized model for how an insulating overlayer could enhanced water oxidation 
photocatalysis is shown in Scheme 3 with chromophore-catalysts compounds depicted as the 
orange-blue spheres. Water oxidation requires four oxidizing equivalents to be transferred 
from the oxidized chromophores.11 For simplicity only two oxidations are shown on the 
catalysts in this simplified schematic and are depicted as green (1+) and pink (2+) spheres. 
Light absorption results in excited-state injection into TiO2 followed by intramolecular 
electron transfer from the oxidized chromophore to the catalyst. At saturation surface 
coverages, lateral hole hopping provides a means to equilibrate all the catalysts to a common 
formal oxidation state. For example, a catalyst in the formal oxidation state of 0 (blue) next 
to a catalyst in the 2+ (pink) state would reduce it by electron transfer (or hole hopping in the 
other direction) to generate two catalysts in the 1+ (green) state. When such equilibration is 
rapid, all of the catalysts would be present on one formal oxidation state or a Nernstian 
mixture of two states at any given time. It has been previously shown that such a large 
surface coverage of oxidized catalysts increases the probability for recombination with a 
TiO2 electron trapped near the surface.23 In contrast, an insulating overlayer would enable 
each chromophore-catalyst compound to go through the entire catalytic cycle without 
equilibration with neighboring compounds. It is important to note that the Al2O3 overlayer 
thickness must afford access of the catalyst to the aqueous solution and allow reorganization 
through all the mechanistic steps in the catalytic cycle. Hence, the ALD or other deposition 
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techniques must be carefully controlled to prevent lateral hole hopping without deactivation 
of the catalysts. Future research will test the validity of this approach. 
 
 
Scheme 6.3. An idealized model depicting a TiO2 nanocrystallite with surface-anchored 
chromophore-catalyst compounds. The orange chromophores and blue catalysts, after light 
excitation, electron injection, and intramolecular electron transfer, result in catalysts that are 
oxidized by one electron (green spheres). When the same process occurs a second time, 
catalysts that are oxidized by two electrons are formed (pink spheres). In the absence of an 
Al2O3 overlayer (top), hole hopping provides a means for all the catalysts to equilibrate to a 
common oxidation state or a Nernstian mixture of two. Introduction of an Al2O3 overlayer 






Three RuII polypyridyl chromophores anchored to mesoporous TiO2 semiconductor 
thin films enabled the rate constants for intermolecular self-exchange electron transfer, also 
called lateral hole hopping, to be quantified after a potential step or pulsed-light excitation. 
The rate constants extracted from the electrochemical and spectroscopic data were in good 
agreement for two of the chromophores and showed more sluggish hole hopping when bulky 
tert-butyl substituents were present. Monte Carlo simulations revealed average hole hopping 
rates that ranged between 2 and 20 microseconds per hop. In pulsed-light experiments, more 
rapid hole hopping also led to faster charge recombination with the injected electron as has 
been previously reported.27 When the sensitized thin films were covered with an Al2O3 
overlayer, the excited state injection yield decreased from unity to about 0.6; more 
dramatically, hole hopping was absent. This behavior was attributed to exclusion of the 
electrolyte from the chromophores by the overlayer which increased the reorganization 
energy for electron transfer. The results indicate that insulating overlayers provide a potential 
strategy for site-isolation of chromophores or catalysts, where excited-state interfacial 
electron transfer is largely preserved but unwanted lateral self-exchange electron transfer is 
inhibited. 
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6.7 Additional Content 
 
Figure 6.7. Absorption changes monitored at 485 nm after 532 nm pulsed light excitation 
(500 μJ/pulse) of TiO2|RuP measured with vertical excitation and horizontal (VH) or vertical 
(VV) detection without (a) and with (b) an ALD Al2O3 overlayer. Overlaid in yellow are fits 




Figure 6.8. Absorption changes monitored at 510 nm after 532 nm pulsed light excitation 
(500 μJ/pulse) of TiO2|Ru(OMe)2P measured with vertical excitation and horizontal (VH) or 
vertical (VV) detection without (a) and with (b) an ALD Al2O3 overlayer. Overlaid in yellow 







Figure 6.9. Normalized absorbance changes after 532 nm pulsed light excitation (500 
μJ/pulse) at the magic angle monitored at 485 nm for TiO2|RuP (black), at 510 nm for 
TiO2|Ru(OMe)2P (red), and at 485 nm for TiO2|Ru(dtb)2P (blue). Overlaid in yellow are fits 
to the KWW function from which charge recombination rate constants of 5000 s-1, 44000 s-1, 




Figure 6.10. (a) Anisotropy data for TiO2|Ru(dtb)2P with resultant Monte Carlo simulation 
overlaid in red. (b) Calculated anisotropy from KWW fits (blue) with Monte Carlo 

































Figure 6.11. (a) Anisotropy data for TiO2|Ru(OMe)2P with resultant Monte Carlo simulation 
overlaid in red. (b) Calculated anisotropy from KWW fits (blue) with Monte Carlo 
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